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U. S. Department of the Interior,  Bureau of Mines, 
Morgantown Coal Research Center, Morgantown, West Virginia 

INTRODUCTION 

The recent development of a new low-temperature ashing technique (2) for 
obtaining unaltered mineral  mat ter  from coal, combined with the extension of the 
mid-infrared region to 200 c m - l ,  has  shown clearly that infrared spectroscopy i s  
a valuable tool for use in coal mineralogical studies (2). 
analysis of minerals  in coal has  been hindered previously by the broad background 
absorption of the coal itself (11) a s  shown in Figure 1,  curve (b),  coupled with the 
paucity and often nonspecificity of mineral  absorption bands in the rock-salt region 
of 5000 to 650 c m - l .  However, when the coal substance, approximately 90% of the 
sample, is  removed a t  low temperatures  in a n  oxygen plasma (s), there  remains 
unaltered mineral mat ter  with an infrared spectrum exhibiting many diagnostic and 
analytically useful absorption bands a s  shown in Figure 1, curve (c ) .  The disap- 
pearance of organic absorption bands indicates complete removal of the coal sub- 
stance. The improved quality of the spectrum obtained on this enriched mineral  
mat te r  has  increased the possibilities for quantitative analysis. In this paper we 
describe the development of an infrared solid state quantitative analysis for five 
commonly occurring coal minerals--quartz ,  calcite, gypsum, pyrite, and kao- 
linite. The presence of many other minerals  in coal in a wide range of concentra- 
tions has  been shown (5, 9, 16, 2). 
were selected on the basis  of their frequency of occurrence and relative abundance 
in the coal samples examined in this laboratory. 
tinuing broad program using infrared spectroscopy for coal mineralogical studies, 
qualitative and quantitative analysis can be developed for other minerals .  

The direct  infrared 

However, those included in this analysis 

We anticipate that in this con- 

A large part  of the published infrared data for minerals  (1, 14, 30) and 
inorganic compounds (2) i s  limited to the rock-sal t  region of 5000 to 650 cm'l. 
Recently, spectral data in the extended region of 650 to 400 cm-l  has  been pre-  
sented for some minerals  (2, 37) and down to 240 cm- l  for some inorganic com- 
pounds (24, 25, 32, 38). 
spectra  for naturally occurring minerals  to 200 cm-l .  
quantitative infrared analysis of minerals  have dealt with a single mineral  or the 
detailed studies of sampling parameters ,  while very little has  appeared on multi- 
component mixtures (2, 23). 

\ 

However, these collections offer very few high-resolution 
\t The published papers on 
\ 

EXPERIMENTAL 1 
) ' 
Y 

Several specimens of each of the five minerals  were obtained from dif- 
ferent localities and their infrared spectra  checked qualitatively for associated 

the spectra  for samples f r o m  several  sources ,  l i t e ra ture  infrared data, and 
X-ray powder data. 

, mineral  contamination and phase purity by three means: common agreement of 

On the basis  of this qualitative screening, two sources  were 
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selected for detailed grinding studies in order  to establish the infrared absorp-  
tivity calibration data. The minera l  was placed with an agate ball into an agate 
vial, approximately one-third full, and ground mechanically in a Spex Mixer Mill. 
A sample was removed from the vial for  infrared analysis a t  five-minute inter- 
vals with a five-minute cooling period. 
band absorptivities became constant, a t  which point a particle size determination 
was made using a Coulter Counter, Model A (Coulter Electronics).  
infrared analysis were prepared by weighing one mil l igram of the pregound mineral 
and 500 mill igrams of cesium iodide powder (Harshaw, 100 to 325 mesh,  median 
particle size 6 2  p) on a microbalance and blending by hand for  five minutes in a 
mullite mor ta r .  
into a pellet according to a triple p re s s  method (E). 
placed under vacuum, pressed  for five minutes a t  a p res su re  of 23,000 pounds 
total load, the pressure  relaxed for five minutes,  and the procedure repeated twice. 
The additional pressing s teps  presumably relieve the s t ra in  introduced by the o r i -  
ginal pressing. 
on a Perkin-Elmer 621 infrared grating spectrophotometer purged with dry a i r .  

The grinding was continued until measured 

Pel le ts  for  the 

This mixture was t ransferred quantitatively to a die and pressed 
F o r  this the pellet was 

The resulting pellet of 0.80 by 13 m m  was then scanned immediately 

Enriched mineral  samples  from coal were prepared by low-temperature 
oxidation at  145" C in an oxygen plasma using Tracer lab ' s  Model LTA-600. Each 
of the five minerals was exposed to the same ashing conditions a s  the coal samples. 
There were no sample al terat ions,  except for the par t ia l  dehydration of gypsum to 
the hemihydrate. 

RESULTS AND DISCUSSION 

Sampling Pa rame te r s  

Tuddenham (2) has  shown the application of the potassium bromide pellet 
method to mineral  analysis and demonstrated its quantitative potentialities. Most 
i n f r a redzec t roscop i s t s  conclude that i t  i s  possible to achieve acceptable solid 
state analysis only with rigorously standardized conditions of sample preparation. 
The many difficulties encountered in quantitative solid phase spectroscopy have 
been reviewed by Duyckaerts (10). - Kirkland (E), and Baker (5). 

- _ - -  

Part ic le  Size. Probably the most  important single physical factor to be 
considered in quantitative solid s ta te  spectroscopy is that of particle size. This 
problem has been investigated both theoretically and experimentally by several  
workers  (E, 2, 34, E). 
loss  by reflection and scattering and the intensity of an  absorption band increases  
f rom an apparent absorptivity to its t rue  absorptivity value. Descriptions of this 
relationship between par t ic le  s i ze  and absorptivity for  the mineral  calcite has been 
given bj Lejeiine (19) and u?iyckz.ei-is ( i o ;  and for  quartz  by Tucicienham izj. Giher 
workers  have usedthe  m o r e  empir icalypproach of relating infrared absorptivities 
to sample grinding t ime, which is proportional to particle size. 
used sedimentation technique for  obtaining the required particle s ize  of the sample, 
while applicable to single component samples ,  cannot be employed with multicom- 
ponent samples (14, 35) since this  procedure leads to a differential separation of 
the individual components. 

different minerals  and can va ry  for absorption bands of different intensities. 
land (17) has  pointed out that the absorptivit ies of bands associated with crystallinity 

A s  part ic le  s ize  is reduced there  i s  a reduction of light 

The commonly 

The effects of par t ic le  s ize  reduction can vary  with 
Kirk- 



can be more susceptible to particle size variations than those originating f rom 
functional group vibrations. 
the effects  of particle size on absorptivity for each band being considered for  quan- 
titative analysis. For  this work the expedient method of studying absorptivity as a 
function of grinding time was chosen. 
particle size need only be determined on those samples ground for  lengths of time 
necessary to produce constant absorptivity values. 
size requirements for constant absorptivities i s  available with a minimum of 
effort. A typical example of such a grind study is shown in Figure 2 fo r  the 
mineral  pyrite. 
after a minimum grinding t ime and remains constant even with extended grinding 
and further particle size reduction. The minimum grinding time for a particular 
mineral  can vary with the type of vial used and the amount of sample loaded into 
the vial. 
the mean particle size of the sample falls in the range of 4 to 13 microns.  This 
fulfills the theoretical requirement for solid phase spectroscopy, that i s ,  sample 
particle s ize  should be l e s s  than the wavelength of the incident radiation, in  order  
to minimize scattering, reflection, and the Christiansen effect. 

These considerations necessitate a careful  study of 

If  a s t r ic t  grinding schedule i s  followed, 

Thus, knowledge of particle 

The data show that the apparent absorptivity becomes constant 

Grind studies on all five minerals  reveal that at the minimum grind t ime, 

While the absorptivities a s  determined for use in this analysis a r e  constant, 

This effect was 
they a r e  not necessarily maximum values. 
iodide matr ix  can cause band absorptivit ies to increase markedly. 
shown in a grind study in which preground kaolinite was added to samples of cesium 
iodide, also preground, but for  different lengths of time. 
hand blended to prepare a pellet according to the chosen procedure. Absorptivities 
fo r  several  kaolinite bands were seen to increase 30 to 50% when prepared with 
cesium iodide that had been ground for 20 minutes. 
be determined because, a t  a very fine particle s ize ,  cesium iodide pellets crumble. 
While not recommended for quantitative work, grinding samples for  five minutes in 
a ball mil l  with cesium iodide i s  a good technique for improving the qualitative 
appearance of the spectrum; band resolution improves and background i s  con- 
siderably reduced. The relatively gentle grinding that the cesium iodide receives 
during the blending stage of pellet preparation reduces i t s  particle size very little 
a s  shown by particle size determinations. 
function of reproducibility ra ther  than absolute measurement,  the relatively simple 
and highly reproducible method of hand blending was chosen. An additional reason 
for selecting this method over the technique of mechanical blending in  a ball mi l l  
i s  that the cesium iodide mixture packs in the vial and i s  not quantitatively recover- 
able. 

Par t ic le  s ize  reduction of the cesium 

Each mixture was then 

True absorptivit ies could not 

Since quantitative accuracy i s  more a 

Sample Alteration. Extensive grinding can cause polymorphic transforma- 
tions o r  alteration of mineral  composition. 
that a few minutes grinding in a Wig-L-Bug with a metal  vial and ball can trans- 
form calcite to the high-pressure phase of aragonite. 
tion to a pressure  component in the mechanical action of the vibrator.  Burns (1) 
also studied this calcite-aragonite transformation and found that it can occur by 
grinding at room temperature .  
minute in a stainless-steel  Wig-L-Bug will cause dehydration of gypsum. 
Liber t i  (20) has reperted destruction of the crystall ine s t ructure  of quartz under 
cer ta in  grinding conditions. W e  have noted changes in  the spectrum of kaolinite 
a f te r  it was subjected to severe grinding conditions. 

Fo r  example, Dachille (8) has shown 

He assigns this transforma- 

Morr i s  (27) found that vibrating for more  than one 

However, none of these 
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alterations were observed by using the chosen procedure,  presumably due to the 
periodic cooling periods during grinding and to the use  of an  agate grinding ball 
mill. Since the density of agate is about one-third the density of stainless steel ,  
there  is less  mechanical s t r e s s  exerted on the sample in  this vial. The absorp- 
tivity values of some absorption bands began to decrease with prolonged grinding, 
although no qualitative spectral  changes occurred. 
alteration occurred,  these bands were not selected for use in  the quantitative 
analysis.  

Since some form of sample 

Part ic le  Distribution. Lf Beer ' s  law is to be followed, all absorbances must 
show a linear dependence on effective concentration. 
s idered effective because the infrared beam does not completely cover the entire 
pellet in the instrument. 
requires  a high degree of uniform dispersion, o r  a homogeneous mixture of sample 
and matr ix .  
thorough. In the instrument used, the i d r a r e d  b e z m  csvers  about 50% 01 the peliet 
a r e a .  
technique, pellets of each of the five minerals  were  rotated systematically through 
360" with scans taken at severa l  settings. 
were identical, indicating that dispersion is adequate, and also that there a r e  no 
polarization o r  orientation effects. 

The concentration i s  con- 

The use  of sample weight as a concentration factor thus 

This can be achieved i f  particle s ize  is small  and if  blending is 

As a test  of the dispers ion achieved with the chosen sample preparation 

F o r  all positions, the band intensities 

Choice of Matrix. Several  salts  were tested for use  as a matrix.  

The low background a t  shorter  wavelengths due to scattering 

Cesium 
iodide appeared to be the bes t  choice on the basis  of its superior  transparency at 
long wavelengths. 
was not objectionable since most  of the useful absorption bands for minera ls  a r e  
found a t  longer wavelengths. The triple p re s s  method reduced scattering at short  
wavelengths, often a s  much a s  40% over single pressing. The over-all  t ransmis-  
sion of a blank cesium iodide pellet was acceptable, as shown in Figure 1, curve 
(a) ,  and therefore no pellet  was  used _ _  in the-.re_fer.ernce_beam. Although cesium- ~ 

i o d ~ i ~ ~ i ~ l ~ i ~ ~ l y - h ~ r ~ s c ~ p i c ~ ~  there was less  difficulty f rom water adsorption than 
i s  generally experienced using the more  common potassium bromide matr ix .  
While mechanical grinding of cesium iodide intensified the water absorption bands, 
hand blending produced no m o r e  than 0 . 0 2  absorbance units a t  the 3 4 3 0  cm-l  OH 
stretching frequency. 
since coal  minerals  often have useful OH absorption bands. 

This behavior of cesium iodide has  a decided advantage 

The pellet thickness must  be controlled i n  order  to prevent interference o r  
fringe patterns.  
paral le l  pellet surfaces are relaxed, these fringe pat terns  can become quite pro-  
nounced on thin pellets. In o rde r  to eliminate this as a potential source of quan- 
titative e r r o r ,  pellets at l e a s t  0. 80 m m  thick were  used. 

In the longer wavelength region where the requirements for 

Other  Parameters .  There a r e  other sampling problems sometimes encoun- 
te red  in solid state analysis.  Among these i s  interaction of the sample with the 
mat r ix ,  believed to be negligible for the minera ls  analyzed here .  
tive index difference between the sample and the dispersion medium can cause a 
pronounced Christiansen effect, characterized by the asymmetr ical  shape of a n  
absorption band, and result ing in  high light scattering which can introduce e r r o r s  
into quantitative measurements .  However, the small  particle size used should 
minimize any e r r o r  ar is ing f rom this effect. Departure f rom Beer ' s  law i s  pos-  
.-Me, but with the base line technique for absorbance measurements  and with 

A large refrac-  
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controlled particle s ize ,  Beer ' s  law was obeyed for  concentration ranges of 0.02 to 
0.  2 wt-pct. One of the limitations in the quantitative analysis of minerals  and inor- 
ganics i s  due to their inherently high band absorptivit ies.  With intense absorption, 
only a very small  amount of sample can be included in the pellet, 
W i l l  s t i l l  be measurable,  thus increasing weighing e r ro r s .  However, reproducible 
resul ts  could be obtained with a microbalance and a large a rea  of beam coverage 
of the pellet. 

SO that the band 

Qual ita t ive Analy s is 

Since natural mineral  specimens, which were used a s  standards in this 
analysis,  often occur in polymorphic aggregations, it was necessary to determine 
the qualitative infrared spectral  differences for polymorphs of each mineral .  
the coal  samples thus fa r  investigated no polymorphic mixtures were encountered, 
although they can be expected. 
for  each of the five minerals  and some polymorphic forms.  

In 

Table 1 l i s t s  the spectral  data f rom this laboratory 

Quartz. The two quartz samples used a s  standards,  for which bands a r e  
presented in Table 1 and absorptivity data in  Table 2, a r e  both low-temperature 
a -quar tz .  
samples of polymorphs of crystall ine silica in this laboratory,  f rom l i terature  
data (21, z, z), and from X-ray powder data. The a-quartz  form can be dis- 
tinguished in the 650 to 200 cm-' region from the polymorphic forms of a-tridymite 
and CY- and p-cristobali te.  
from p -quartz and @ -tridymite. 
polymorphs and other modifications of silica can be made by the highly unique bands 
at  256, 363, 388,  and 688 cm-'. 

This was established from differences shown in the infrared spectra of 

Work remains to confirm the distinction of a-quartz  
The distinction of a -quar tz  f rom i t s  crystall ine 

Calcite. The natural  aggregation of calcite and its dimorph aragonite is 
common (2). Infrared l i terature  data (2, 2) in the rock-salt  region show that 
hexagonal calcite can be distinguished from orthorhombic aragonite. The data 
from our laboratory in Table 1 show the marked difference in their  spectra  and 
l is t  the additional bands obtained for the region 650 to 200 cm-I. Petrographic dis- 
tinction between these two polymorphs i s  often inadequate a s  shown by the fact that 
three of our samples labeled aragonite were shown by infrared to be calcite. 
Adler (2) found that several  specimens of aragonite and calcite differed from their 
museum labels. 

Gypsum. For  gypsum (monoclinic),  i t  was necessary to show that the 
crystallographically different anhydrite (orthorhombic), often found in  coal, and 
 he hemihydrate (hexagonal, CaS04'  1/2H,O), can be differentiated in the infrared 
for the preliminary qualitative analysis of the sample. Data f rom Morr i s  (E) and 
from our  laborqtory, in Table 1 show that the hemihydrate has unique bands and 
can be differentiated from gypsum. These spectral  differences were used to show 
that the low-temperature oxidation technique produced a conversion of gypsum to 
the hemihydrate. Gypsum was selected for testing in synthetic mixtures  since it 
has been identified and analyzed in coal product samples not subjected to low- 
temperature ashing. Anhydrite is also readily distinguishable f rom gypsum. The 
pr imary difference i s  a splitting of the l a rge ,  broad band of gypsum a t  594 cm-'  
into two sharp bands at 587 and 607 cm-' for  anhydrite. The 660 cm-' band of 
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Table 1. - Infrared Absorption Bands for Minerals 

1 Mineral Absorption bands, cm- * 
a-Quartz  . . . . . . . . . . . .  256 (w) ,  360 (mw), 388 (mw),  452 (m) ,  465 (w, sh), 

501 (mw),  688 (w), 772 (mw), 790 (m) ,  1075 ( s ) ,  

1135 (w), 1160 ( w )  . .  

a-Tridymite  (synthetic) . . 465 ( s ) ,  500 (sh), 782 (m) ,  1088 ( s ) ,  1155 ( sh )  

a-cristobalite:::: . . . . . . .  485 ( s ) ,  515 (sh) ,  620 (m) ,  798 (m), 1104 ( s ) ,  
1160 (sh) ,  1204 (w) 

Calci te .  . . . . . . . . . . . . .  217 (m),  337 (sh), 307 ( s ) ,  707 (m), 842 (-), 
869 (m): 1420 ( s ) ,  1600 (w), 1792 {w.,-) 

Aragonite . . . . . . . . . . . .  205 (sh), 245 (s) ,  288 (sh), 692 (m) ,  705 (m),  
836 (w), 850 (m),  1076 (w, sharp) ,  1450 (sh),  
1464 (s), 1600 (w),  1780 (w) 

Gypsum . . . . . . . . . . . . .  215 (m), 298 (mw),  412 (w), 445 (w),  594 (m) ,  
660 (m),  998 (vw), 1106 ( s ) ,  1132 ( s ) ,  1155 (s, sh), 
1615 (m),  1680 (mw), 3250 (vw). 3400 ( m ) ,  
3492 (sh, vw), 3550 (m)  

Hemihydrate of CaS04. . . .  235 (m) ,  250 (sh),  412 (w), 455 (w) ,  590 (m),  
605 (sh,  w),  619 (w), 652 (m), 665 (sh, w), 
1000 (mw, sharp) ,  1008 (vw, sh), 1090 ( s ) ,  
1110 ( s ) ,  1128 1147 ( s ) ,  1613.(mw.),.-3552 (w), 
3610 (mw) 

Anhydrite . . . . . . . . . . . .  252 (m) ,  502 (vw). 587 (m), 606 (m),  669 (m). 
875 (-1, 998 (w). 1008 (vw), 1115 ( s ) ,  1148 ( s )  

Pyri te  . . . . . . . . . . . . . .  284 (w),  340 (m), 391 (vw), 406 ( s )  

Marcasite . . . . . . . . . . .  285 (w), 321 (m),  350 ( m ) ,  396 ( s ) ,  407 (s) ,  
422 (vw) 

Kaolinite . . . . . . . . . . . .  268 (m), 338 (m), 352 (vw, sh), 405 (VW. sh),  
422 (m), 460 ( s ) ,  528 ( s ) .  689 (m) ,  747 (w). 

1095 ( s ) ,  3622 (m) ,  3652 (w) ,  3670 (vw), 3698 (m) 

7 0 7  I..., Ann . [ w ) ,  T W O  \s), 929 iw, snj, i0Oi ( s i ,  iU26  ( s ) ,  

* 
** Data from reference (21). 

Very weak = vw; weak = w; medium = m ;  strong = s;  shoulder = sh .  

/ 
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Table 2. - Analytical Absorption Bands and Absorptivities for Minerals 

-1 Absorption bands, cm and 
Mineral Source absorptivities, 1 /mm* 

Quar t z .  . . . 

'Calcite.  . . . 

Gypsum . . , 

Pyrite . . . . 

Kaolinite . . 

Hot Springs, Ark. . . . . . . . 
Rock crystal  
Ward's Natural Science 

Establishment, Inc. 

Berkeley Springs, W.Va. . . 
O r  i skany sands tone 
W. Va. University Geology 

Department 

Germany Valley, W. Va. . . 
Crystals  
W. Va. University Geology 

Department 

Niagara, N. Y. . . . . . . . . 
Crystals  
U. S. National Museum, 

No. 80022 

Washington County, Utah. . . 
Crystals  
Ward's Natural Science 

Establishment, Inc. 

Pa rk  City, Utah 
Ward's Natural Science 

. . . . . . . . 
Establishment, Inc. 

Gilman, Eagle County, 

Minerals Unlimited 

. . I 
Colo. 

Macon, Ga., Oneal Pi t  . . . . 
API Reference Clay Mineral 

Ward's Natural Science 
Kaolinite No. 4 

Establishment, Inc. 

360 (448), 388 (525), 452 ( l o l o ) ,  
790 (589) 

360 (430), 388 (500), 452 (970), 
790 (580) 

307 (720), 869 (610), 1420 (2050) 

594 (245), 660 (251) 

594 (246), 660 (254) 

340 (190). 406 (630) 

340 .(180), 406 (640) 

338 (353), 422 (505), 460 (986), 
528 (1106), 689 (338), 
747 (131), 908 (617) 

- ~~ 

* Absorptivities in parentheses. 
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gypsum shifts to 669 cm-’  in anhydrite, and the water vibrations appearing a t  1615, 
1680, 3400, and 3555 cm-’ a r e  unique f o r  gypsum. 
differences between the hemihydrate and anhydrite. 

Data in Table 1 also show the 

Pyri te .  Both polymorphs of FeS,, pyrite and marcasi te ,  have been identi- 
fied in coal (5, 2, 36). White (37) has  presented infrared data to 400 c m - l  which is 
insufficient for differentiation between these two polymorphs. However, the infra- 
red spectra  to 200 cm” obtained on samples  in this laboratory show that these two 
polymorphs a r e  distinguishable in this region. 
site exhibits two bands common to pyrite,  there  a r e  four distinctly different bands 
which uniquely characterize this polymorph. Fur ther ,  the band a t  340 c m - l ,  which 
is unique for  pyrite, allows detection of pyri te  in marcasi te  samples.  These infra- 
red differences, along with X-ray confirmation, established the phase purity of the 
pyrite standards selected for calibration and thus a l so  the qualitative identification 
of pyrite a s  the observed f o r m  occurring in the coal samples studied. It was par-  
ticularly important to establish by X-ray that no pyrrhotite (FeS) was present in 
the standard samples since this minera l  h a s  no absorption in the entire 5000 to 
200 cm’* region. Optical examination is  a lso often unreliable for  this mineral  
c lass  since out of 1 5  different mineral  specimens labeled marcasi te ,  two were 
pyrrhotite,  six were pyrite,  and only seven were actually marcasi te  a s  shown by 
infrared analysis. 

Table 1 shows that, although marca- 

Kaolinite. Clays other than kaolinite a r e  found in coal. Kaolinite can be 
identified by infrared in mixtures  of clay minerals  and even in mixed-layer c l a y  
minerals  (2). Montmorillonite, illite, and kaolinite predominate in many coals 
and An in0 (4) has discussed the infrared spectral  differences among these out to 
90 cm-  . The OH region is especially useful in the qualitative identification of 
kaolinite. Kodama (18) s ta tes  that the absorption band at  3698 c m - l  can distinguish 
kaolinite f rom other clay minera ls  down t o  a few weight-percent of kaolinite in  total 
amounts of clay minerals .  
appearing in the OH region, along with other spectral  differences,  enables a unique 
distinction to be made among the kaolin group minerals  of kaolinite, dickite, and 
halloysite. This l i terature  data, and data obtained in our  laboratory f r o m  a num- 
ber of API reference clay minerals ,  were used to substantiate the identification of 
kaolinite in  the coal low-temperature ash samples and a s  a guide in the selection 
of bands for quantitativ.e analysis.  

9 
- 

Lyon (22) has shown that the use of ra t ios  for  bands 

Quantitative Analysis 

The apparent absorptivity of a band was calculated f rom the relationship: 

where a = absorptivity in units of l f m m ;  
A = absorbance of the band (baseline technique); 
b = pellet thickness,  rrun; 
c = concentration, weight-percent. 

The value of absorptivity is specific for  a 13 m m  diameter  pellet. 

I’ 
\ 
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After completion of grind studies for  each mineral ,  bands were selected 
for  quantitative analysis. These selections were based on both their  specificity and 
the constancy of their absorptivities with prolonged grinding. 
bands selected for analysis. When it is necessary,  for the sake of specificity, to 
use a band which does not remain constant with particle s ize  reduction beyond the 
minimum grind time, the e r r o r  introduced must  be considered. 

Table 2 l i s t s  the 

Only one source for  kaolinite was used for the calibration data because 
there is extensive mineralogical data for i t  in the l i terature.  
a r e  the results of duplicate grind studies that were quite reproducible. 
source of calcite was used because of the wide variation of absorptivity values 
f rom different sources ,  even though their  spectra were qualitatively identical and 
their particle s izes  were the same. 
used for synthetic mixtures and for calibration data in order  to obtain agreement. 
Additional work is  required to resolve this limitation by examination of these 
samples by other analytical techniques in order  to determine the cause for such a 
variation. 

The data. in Table 2 
Only one 

Therefore,  calcite f rom the same source was 

Several synthetic mixtures,  listed in Table 3 ,  were prepared to tes t  the 
accuracy of the multicomponent analysis. Preground standard mineral  samples of 
the required particle size were used and the same technique for pellet preparation 
used a s  described for  the mineral  standards. The concentration ranges of the pure 
minerals  were selected to represent the concentration ranges commonly encoun- 
tered in the coal samples examined. 
of detectability for each mineral  since this was different for different sample com- 
positions. 
approximated the composition of a typical coal low-temperature ash  a s  shown in 
Figure 1,  curve (c) .  except for the gypsum-hemihydrate conversion. When band 
overlapping occurred,  the required absorbance correction was obtained from the 
standard spectra of the interfering mineral ,  using the standard procedures for 
quantitative analysis. An expedient technique of char t  overlay to obtain background 
and band overlapping corrections was a s  accurate as the more  t ime consuming pro- 
cedure of matr ix  solution. The agreement shown in Table 3 ,  within an  average 
e r r o r  of 6. 270 for all  minerals ,  demonstrates the method to be satisfactory for the 
multicomponent mixtures investigated. It is difficult, without an independent 
reliable method of analysis,  to determine the accuracy l imits of the infrared 
method when applied to coal ash samples.  Greater accuracy is expected with the 
synthetic mixtures since they were prepared under controlled conditions of par-  
ticle size and contained no unknown interferences.  In our work it was necessary 
to pregrind coal samples to speed oxidation in the low-temperature asher .  This 
pregrinding was sufficient to achieve the required particle size reduction for  an 
accurate quantitative analysis,  a s  ascertained by particle size measurements  on 
the ash.  Optimum particle s ize  was also indicated for a t  least  the minera l  kao- 
linite from a grind study using its bands that appear fairly well resolved in  the 
spectrum of the total coal sample ( see  Fig.  1). 
Figure 2 were obtained with a relatively small  increase in absorptivity before 
becoming constant. 
ture pr ior  to analysis in order  to establish when the required particle s ize  reduc- 
tion for each component in the mixture has  been achieved. 
should be made only after absorptivity values have become constant and particle 
size has  been checked. 

No attempt was made to determine the limit 

Figure 3 shows the infrared spectrum of synthetic mixture No. 7, which 

Grind curves similar to those in 

It is essential  to conduct a grind study on any mineral  mix- 

The infrared analysis 
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A limitation of the application of infrared spectroscopy to mineral  mixtures 
in coal i s  in the analysis of pyrite in the presence of high amounts of kaolinite (2). 
Both of the analytical bands of pyrite a r e  overlapped considerably by kaolinite bands 
and amounts of pyrite as high as 2070 might be undetected when kaolinite i s  present  
to the extent of 30% or greater .  F o r  this reason, no attempt was  made to analyze 
synthetic mixtures containing both. 
analysis for  kaolinite-pyrite mixtures when kaolinite content is high. 

Work is continuing to  develop a satisfactory 

CONCLUSIONS 

This paper descr ibes  the development of a quantitative infrared multicom- 
ponent analysis for five minerals  commonly occurring in coal. 
successful analysis for quartz,  calcite, gypsum, pyrite, and kaolinite is possible 
if sampling conditions a r e  controlled. The infrared region of 650 to 200 c m - l  i s  
seen to contain data that contribute to both the preliminary qualitative and the quan- 
titative analysis of these mixtures.  The accuracy of the method was evaluated with 
tes t s  on synthetic mixtures.  Average e r r o r s  were within 6. 2% fo r  all five com- 
ponent minerals. 
unaltered mineral  mat ter  obtained from coal by use of the new technique of low- 
temperature ashing in a n  oxygen plasma, the calibration data obtained can be used 
in the analysis of other mater ia ls  connected with the mining and utilization of coal. 
F o r  example, we have determined these minerals  directly in coal  mine refuse 
samples,  which often have low organic mat ter  content. 
analysis revealed that infrared spectroscopy i s  a valuable tool for  differentiating 
among various polymorphic mineral  forms and provides a collection of high r e so -  
lution standard reference spectra  for  naturally occurring minerals  and their poly- 
morphs to 200 c m - l .  

It shows that a 

Although the method was pr imari ly  applied t o  the analysis of 

The development of the 
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FIGURE 1 .  - Infrared Spectra of (a) Cesium Iodide, (b) Pit tsburgh-seam Coal, 
and ( c )  Low-temperature Ash from Pittsburgh-seam Coal. 
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Aromatic Ring Proton Determination by Inf ra red  In t ens i ty  
Keasurenent i n  the  1650-2000 Yavenumber Region 

Arthur S. Wexler 

Dewey and ALny Chemical Division 
! I .  R. Grace Ec Co. 

Canbri&;e, bkissachusetts 02140 

The inf ra red  absorgtion snec t ra  of  aromatic con?ounds i n  the  1650-2000 cm-l 
reyian are w e l l  known t o  be cha rac t e r i s t i c  of r ing  subs t i tu t ion  pattern (5) .  
observed frequencies i n  benzene derivatives have been assi,gned t o  overtones and 
com';.inations of =CH out-of-plane defonraticns (4). 
h a  been e?.?loyed fo r  the d e t e n i n a t i o n  of t o t a l  a r o m t i c s  i n  petroleum d i s t i l l a t e s  
(2) .  

co3bination tones i n  the  1650-2000 c m - 1  region and such is  the case for polynuclear 
h:drocarbons (3) and o l e f in i c s  (1). In the  course of a survey of the absorption of 
a rora t ics  at equimolar concentration in  carbon tetrachloride,  it was  observed that 
the  in tecra ted  in t ens i ty  over the  e n t i r e  absorption band complex i n  the 1650-2000 
cm-' re:;ion a p x a r e d  t o  be a nonotonic function of number of aromatic r ing  protons. 
Tiis -he rva t ion  prox?ted a de ta i l ed  study of the  re la t ionship  between integrated 
intensit:: and arcxz t ic  s t r x t a - e  vnich is  repcrted i n  t h i s  9aper. 

The 

The absorption i n  t h i s  region 

Most comDounds v i t h  =CH ou.t-of-plane d e f o m t i o n  v ibra t ions  i n  the  750-1000 
reZion may a l s o  be e-ected t o  exhibit  absorption bands due t o  overtones and 

Zxxperimental 

A l l  compounds were aF.mrently of su f f i c i en t  pu r i ty  s o  as t o  be used as is, 
~ t t h o u t  p x i f i c a t i z n .  Snectra were obtained, where s o l u b i l i t y  permitted, a t  0.5 
molar concentration i n  carbon tetrachloride,  i n  path len*hs of 0.5 t o  2 mm., with 
solvent coxpensation i n  the reference beam. 
o r  0.2 m. c e l l  paths. ComFounds of l i n i t e d  so lub i l i t y  were analyzed a t  a path 
l e q t h  sf 5 mi. Spectra were obtained i n  a].?. cases on a Becimn IR-12 inf ra red  
opectrc;photor!eter i h s h e d  with dry air t o  rerxove a l l  but t races  of water vapor. 
Spectra were m ' i n  absorbance on a 2x absc issa  sca le  a t  noderately high resolving 
?over t o  3ermit resolution of c lose ly  overlapping bands. Areas under the absorption 
bands were rneasured with a planirneter. 
the  abscissa t o  in te rcegt  the  abso-tion a t  2000 m-1. 
calculated i n  F rac t i ca l  un i t s ,  cn-1 1 mole-1, 10.3 10 basis. 

A few samples were run "neat" i n  0.1 

Baselines were usually drawn p a r a l l e l  t o  
Integrated in t ens i t i e s  were 

33ectra in  the  l 6 5 O - N O  c2-l region of a rcna t ic  hydrocarbons (0.5 molar, 
0.7 xr. :%tin), selected t o  i l l u s t r a t e  the charac te r i s t ic  absorption in t ens i t i e s  
2 s  a :?unction of r i m y  t-fle and subs t i tu t ion ,  a r e  shown i n  Figure 1. These.spectra 
are f acs i ? i l e  presentations which a l s o  can be used as a guide t o  deternination of 
rir?; t ; ~  o r  subs t i tu t ion .  
dezree of sv .5s t i tu t im.  In tezra ted  i n t e n s i t i e s  for a of aromitic hydrocarbons, 
selected t 2  repr$sent a l l  the twelve possible c lasses  of subs t i tu ted  benzenes, along 
with values f o r  sorie binuclear, t r i ncc l ea r  and condensed r ing  systems, are l i s t e d  i n  

The most obvious 
- a r i e b l e  apnears t o  be the r i n z  proton ccncentration, or number of =CH osc i l l a to r s  
Ter ring. 
:im aF3ears t o  be monotonic, as siiown i n  F i ? g r e  2. A l i nea r  re la t ionship  between 
inter.sit:: and r i n z  ?raton ccncentration was observed fo r  phenyl rings (benzene 
derivatiyies and nolJThenyls), as shown i n  Figure 3. 
run i n to  the  origin,  which susgests that some other type of vibra t ion  i s  making a 
constant contribution per phenyl r ing  t o  the  t o t a l  i n t ens i ty  i n  the  combination band 
rezian. 

Obviously the  t o t a l  a b s o p t i o n  varies narkedly with 

m -  i ao le  I by individuals, and i n  Table I1 by avera-zes f o r  r ing  ty-pe. 

The re la t ionship  between inteqrated in t ens i ty  and r ing  proton concentra- 

The p lo t  f o r  phenyls does not 

Polynuclear hydracarbons f a l l  on a l i n e  with a s teeper  slope, which does 
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extrapolate t o  the  or ig in .  
appear t o  f a l l  on a l i n e  of intermediate slope, but t he re  are insuf f ic ien t  data on 
t h i s  group a t  the present t o  j u s t i f y  a s t r i c t l y  l i nea r  p lo t .  
abso-tion i n  hexasubstituted benzenes i s  a constant measure of ske le t a l  o r  other 
nhenvl rinq vibrations,  a f a i r l y  constant i n t e n s i t y  of about 100 (cm-2 e mole-1) Ter 
proton i n  pendent phenyl rings and 75 Per proton i n  i n t e r i o r  rings is obtained in  
the  polyphenyls as shown i n  lkb le  111. 
phenyl rings a re  considered t o  be pendent while the  remaining i n t e r i o r  phenyl rings 
a re  assumed t o  contribute only combination tones of =CH osc i l l a to r s  i n  the  1650- 
m o  cm-1 region. 

Substi tuted naphthalenes and dinuclear heterocyclics 

Assumins that the 

In the  polyphenyls only the  terminal 

The e f f ec t s  of sone po la r  and other r ing  subs t i tuents  on the  aromatic absorp- 
t i o n  in t ens i ty  in  this reZion are l isted i n  Table N. 
display wertones i n  t h i s  region, as exemplified by the  spectrum o f  styrene with 
an increased absorption a t  1820 cm-I compared with i ts  brominated derivative,  
shown i n  Mgwe 4. 
e q m l  to an aronat ic  =CH o s c i l l a t o r .  

Olefinic double bonds 

The i n t e n s i t y  per o l e f in i c  =CH o s c i l l a t o r  is approximately 

Additional bands are observed i n  the  spec t ra  of monosubstituted benzenes i n  
so lu t ion  i n  an ine r t  solvent,  as shown i n  Figure 5, f o r  pure tert .  butylbenzene 
and f o r  a 10-fold d i lu t ion  i n  carbon te t rachlor ide  run at equivalent pathlengths 
times concentration. The two highest  frequency bands spli t  i n t o  doublets. A 
sugzested assignment f o r  each of these doublets (which were observed i n  the  spectra 
of near ly  a l l  monosubstituted benzenes) as combinations of fundamentals i s  Given 
f o r  a f e w  cases i n  Table V. p i t  s u f f i c i e n t l y  high reso lu t ion  some s p l i t t i n g  can be 
observed even in undiluted compounds (dotted l i n e  of Figure 5). 
Discussion 

There appears t o  be l i t t l e  doubt t h a t  the in tegra ted  absorption in t ens i ty  of 
a rona t ic  hydrocarbons i n  t h e  1650-xxx, cn-l  region i s  a monotonic f'unction oi the 
rini: proton concentration, as depicted i n  Fi,o;ure 2. This observation i s  a t  
variance with the apparent constancy per ring, independent of degree of subs t i tu -  
t ion ,  r e p o ~ e d  by Bornstein (2) f o r  a number of alkylbenzenes. Bomstein's data, 
however, does show a s i p i f i c a n t  va r i a t ion  of i n t ens i ty  with subs t i tu t ion .  His 
K values f o r  benzene/mono/di/trialkylbenzenes a r e  i n  the  r a t i o  of 1.6/1.2/1.06/ 
1.0, compared with r a t i o s  of inte-gated i n t e n s i t i e s  i n  this paper of 1.7/1.35/ 
1.1511.0. 
t i o n  range, backp-ound assumptions, types of compounds and instrument performance.) 
Bornstein stated that naphthalenes have d i f fe ren t ,  presumably higher, K values, 
r e f l ec t ing  perhaps a higher r ing  proton concentration. Therefore the  apparent 
constancy observed by Bomstein f o r  absorption i n  the  1700-2000 
independent of degree of subs t i t u t ion  holds only because h i s  data were r e s t r i c t e d  
t o  a r e l a t i v e l y  narrow range o f  ring proton Concentration, perhaps 1.5 t o  2 fold,  
cozpared with the 12-fold range explored i n  t h i s  study. 

(Differences between the  two s e t s  m y  r e f l e c t  differences i n  in t e ,qa -  

region 

There a l s o  appears t o  be l i t t l e  doubt that the  absorption due t o  phenyl r i q s  
is  a l i n e a r  h n c t i o n  of ring proton content in both mononuclear hydrocarbons and 
polyphenyls, as shown i n  Figure 3. The in te rsec t ion  of this p l o t  above zero on 
the  ordinate can be in t e rp re t ed  as evidence of a background absorption of about 
130 cn-2 1 mole-l, assoc ia ted  with r i n z  s k e l e t a l  vibrations i n  pendent Dhenyl 
rings.  
sists of a contribution of 260 cn-2 
contribution of approximately 75 cm-2 .e mole-1 f o r  each r ing  proton, o r  a t o t a l  
i n t e n s i t y  of l 9 l O  cm-2 4 mole-1, compared with an observed value of 2080. 
l i n e a r  ? l o t  of the l65O-2OOO cm-1 absorption in t ens i ty  aga ins t  r i ng  proton concen- 
t r a t i o n  which extrapolates t o  zero (Figure 3) was observed f o r  polynuclear hydro- 
carbcns and condensed r i n g  system, which sugcests that all the in t ens i ty  i n  t h i s  
region i n  constrained riw systems is  due t o  r i n g  protons, with an average 

The t o t a l  169-2000 c m - 2  absorption i n  m-quinquephenyl, fo r  exauple, c m -  
mole-1 f o r  t he  two pendent rinqs, plus a 

A 
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i n t ens i ty  per proton of about 130 cm-2 l mole-I. For example the  integrated absorp- 
t i o n  in t ens i ty  of 20-methylcholanthrene i n  the 1650-zwo cm-l region was found t o  be 
1168 l mole-1 (Table I ) ,  equivalent t o  a value of 8.9 arcrmatic protons per 
molecule, comgared with a formula value of 9. 

Rubrene would present a complex case, since it contains 4 phenyl r ings  attached 
t o  a naphthacene skeleton. 
Conpound (not yet measured) the  lover and upper limits of numbers of aromatic protons 
Per molecule would be estimated by in f r a red  t o  be 24 t o  30, compared with a formula 
value of 28. 
(Provided the  molecular weight is known) t o  within f. lo$ of the  formula value of 
the infrared technique of this paper. 

If the  i n t e n s i t y  r e h t i o n s  in  Table I1 apply t o  t h i s  

A reasonable expectation i s  the  determination of aromatic protons 

On the  basis of in tegra ted  i n t e n s i t y  measurements, it appears reasonable t o  
include a band near 1620-1640 i n  para alkylbenzenes with the  combination tones. 
Its inclusion on a frequency basis has already been j u s t i f i e d  by lWhiffen(4). 

Sha-ening o f  peaks and s p l i t t i n g  of bands w e r e  observed f o r  monoalkylbenzenes 
and other aromatics, as depicted i n  Mgures 1 and 5. 
i n t ens i ty  was found t o  be e s s e n t i a l l y  constant i n  the range 0.5 molar t o  6 molar 
(approximately 10 times diluted,  and undiluted). 
the  two hiShest frequency bands of t h e  1650-2000 cm-I  set, near 1860 and 1945 cm-l ,  
have been d e s i e a t e d  as i+h and h+j, summation tones by "Jhiffen (4) .  
su f f i c i en t ly  high r e s s lu t ion  partial s 2 l i t t i n g  of one or both of these  bands can 
be observed. More complete s p l i t t i n g  was observed i n  non-interacting solvents 
such as hexane, carbon te t rachlor ide  and carbon d i su l f ide  and the peaks were found 
t o  be narrower. 
sunmation band but t he  three remaining peaks a t  1880, 1938 and 1955 cm-I appear 
t o  be, respectively, i+j, 2h and 23 bands. L i t t l e  or  no s p l i t t i n g  was observed i n  
solutions i n  chloroform and methylene chloride. 
these solvents (and t h e  r ing  proton of undiluted aromatics) i s  ab le  t o  complex with 
the  rl electron o r b i t a l s  of the  nonosubstituted benzene ring i n  such a way as t o  
cause the  s p l i t  bands t o  overlap and merge i n t o  broader bands. 

The t o t a l  1650-2000 cm-l 

I n  t he  monosubstituted benzenes 

Under 

The 1865 cm-1 peak of monoalkylbenzenes apparently i s  an i+h 

Presumably the  ac id i c  hydrogen i n  

It i s  gossible t o  estimate t h e  a r o m t i c  proton content of compounds (benzenoid 
and heterocyclics) fron the  inf ra red  absorption i n t e n s i t y  i n  the  1650-NO cm-I 
reZion usin!: averaxe i n t e n s i t i e s  (cn-2 E mole-1) f o r  each ring proton of 100 f o r  
mononuclear, 120 for dinuclear, and 130 f o r  polynuclear hydrocarbons. The number 
3f r ing  protons i s  then the  t o t a l  1650-2000 cm-1 i n t e n s i t y  divided by the  appro- 
p r i a t e  un i t  value. As i n  any spectroscopic measurement, t he  molecular weight 
nust be known t o  car ry  out t h e  ana lys i s .  Interference by o le f ins  can be handled 
5g se lec t ive  broinination o r  hydrogenation. The in t ens i ty  of styrene (which con- 
t a ins  a conjugated double bond) i n  this  region was found t o  be equivalent t o  7 
protons. 
equivalent t o  5 protons, demonstrating se l ec t ive  disappearance of an i n t e r f e r ing  
croup without disturbing t h e  r i n s  proton contribution. 

After bromination (cf.  Figure 4) t he  i n t e n s i t y  was observed t o  be 
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Table 11. Averaze I n t e n s i t i e s  by Rin3 Type of Aromatic Hydrocarbons 
i n  the  l65O-2000 cn-1 reZion. 

Coqound Type 
(and IIumber) 

Xexa -alkylbenzene 
Penta-alkylbenzene 
Tetra -aU.ylbenzene 
Trialkylbenzene 
Dialkylbenzene 
Monoalkylbenzene 
D i a  UglnaFhthalene 
Dinuclear 
Polynuclear 
Polynuclear 
Polynuclear 
Polynuclear 
Pol jT:?enyls 

No. oi Ring 
Protons 

0 
1 
2 
3 
4 
5 
6 
7 
8 
3 
10 
12 

10-22 

Total  
In tens i ty  

130 
180 
29 5 
360 
415 
485 
725 
790 
1055 
1160 
1290 
16 10 

(Table I )  

In tens i ty  per  Ring Proton Average 

--- 
180 
147 - 
119 104 104 (Mononuclear) 

aIncludiny soFe heterocyclics.  

Table 111. I n t e n s i t i e s  or  Mononuclear &omt ic s  and Polfihenyls 
i n  the  1650-2000 cm-1 ReZion. 

I!urnber of 
Rin? Protons 

1 
2 
3 
4 
5 
6 
10 
18 
22 

Total  
In tens i ty  

180 
29 5 
300 
415 
495 
6 10 
1070 
1710 
2080 

N e t  
Intensit)+ 

50 
16 5 
230 
28 5 
355 
480 
810 
1450 
1825 

I n t e n s i t y  per  
R i x  Proton 

50 
83 
77 
71 
7 1  
80 
81 
81 
83 

W e t  i n t e n s i t y  equals tq ta l  i n t e n s i t y  minus a background o r  
s k e l e t a l  v ibra t i sn  value of 130 
Dendent a r o r a t i c  rin-;. 

cn-2 1 mole-1 f o r  each 
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Table IV. In t ens i ty  Effec ts  of Polar and Olefinic Substituents 
on the  Aromatic Absorption i n  the  

. 1650-EQOO cm-1 Region. 

Substi tuent Ring Proton Equivalent 

Electron Donatins Group 
Chlorine L i t t l e  Change 
Nitro + 2 protons 
Side chains conjugated double bond + 1.5  t o  2 protons 
Isolated o l e f in i c  double bond + 1 .5  t o  2 protons 

+ 1.5 t o  2 protons 

Table V. Frequencies of Absorption mnds of Monosubstituted 
€?enzenes i n  =CH Out-of-Plane Deformation and 

f 
-3 
i 
h 
j 

0 

t3+i 

E+h 

i+h 

i + J  

2h 

23 

0 

0 

0 

0 

0 

Average 

751 
837 
908 
962 
982 

1742 
1745 
1797 
1819 

1865 
1870 
1880 
1890 

1938 
1924 

1955 
1964 

Sumnation Regipns . 
Toluene C h l o r o b e n z  

Fundamentalsa 

728 740 
844 830 
895 902 
966 96 5 
982 985 

Summation Bands 

1731 1731 
1739 1732 
1797 1788 
1810 179 5 
1853 1861.5 
1861 1867 
1869 1882 
1877 1887 
1937 . 1941.5 
1932 1930 
1955 1962 
1964 1970 

aFundamentals from Reference 4. 

o = Observed frequencies i n  carbon te t rachlor ide  
solution, 0.5 molar. 

I' 

1 
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Captions for Fi-6 

Mgure 1. Spectra of aromatic hydrocarbons i n  1650-XXx, cm-l region a t  0.5 molar 
concentration i n  carbon te t rachlor ide,  0.5 nun. path length, compensated 
with solvent i n  reference beam. 

1650-ZQOO cm- l  region a6 a f'unction of ring proton concentration. 

hydrocarbons in 16.650-mOO c m - l  region a6 a function of ring proton 
concentration. Polynuclear 

=,We 2. Integrated i n t e n s i t i e s  ( a - 2  8 mole-1) of aromatic hydrocarbons i n  the  

Me;uR 3. Integrated i n t e n s i t i e s  (cm-2 8 mole-1) of mono and polynuclear aromatic 

x Dinuclear 
Mononuclear and Polyphenyls 

figure 4. Spectra of styrene - and brominated der ivat ive --- i n  1650-2000 cm-' 

MguR 5. Spectra of t e r t .  butylbenzene i n  1650-2000 an-1 region. 

region at 109 v/v i n  carbon te t rachlor ide,  1 m. path length. 

- undiluted, 0.1 m. path, run a t  9 cm-l resolut ion 
. - *  (of fse t )  undiluted, 0.1 m. path, run at 1,5 cm- l  resolution --- 10% v/v i n  carbon te t rachlor ide,  compensated, 1 nun. path, run a t  

1 .5  cm-1 resolution. 
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SPECTROSCOPIC STUDIES OF PHYSICO-CHEMICAL EFFECTS 
OF ULTRA-HIGH PRESSURES 

J. W. BRASCH, R. J. JAKOBSEN, and E. JACK KAHLER 

BATTELLE MEMORIAL INSTITUTE 
Columbus Laboratories 

505 King Avenue 
Columbus, Ohio 43201 

During r ecen t  years-, a considerable volume of l i t e r a t u r e  has appeared dea l -  
ing with pressure s tud ies .  
of the chemical e f f e c t s ,  on a molecular l eve l ,  produced by high pressure.  
o f  knowledge stems from the  previous necess i ty  o f  determining changes almst exclusively 
by postmortem examination of t h e  pressurized material .  
phase change o r  r eac t ion  occurred, no pressure  e f f e c t  could be determined. 

I n s p i t e  of a l l  t h i s  work, very l i t t l e  i s  a c t u a l l y  known 
This lack 

Obviously, i f  no permanent 

Ba t t e l l e  has pioneered in  the u t i l i z a t i o n  of commercially ava i l ab le  equip- 
ment for inf ra red  spec t roscopic  i n  s i t u  monitoring of changes i n  l i q u i d s  under u l t r a -  
high pressures. 
sample, and po ten t i a l  app l i ca t ions  have been shown to  bridge v i r t u a l l y  every a rea  
of physical-chemical endeavor. 

These techniques are now appl icable  t o  a l m s t  any l i qu id  o r  so l id  

It is  e a s i l y  demonstrated, by changes in the  in f r a red  spectrum as a sample 
is pressurized, t h a t  moderate pressures  of 20 t o  50 k i loba r s  can produce s ign i f i can t ,  
bu t  completely r eve r s ib l e ,  e f f e c t s  on molecular s t ruc tu re .  Def in i t i ve  in t e rp re t a t ion  
o f  these  changes have exc i t i ng  ramif ica t ions  i n  every aspec t  of chemical howledge. 
However, the  broad spectrum of pressure s tud ie s  can be grouped inso  three  phenom- 
enologica l  a reas  : 

1. Phase Behavior. Most l i qu id  s o l i d i f y  under pressure ,  with poly- 
morphism the  r u l e  r a the r  than the exception (even the  simple benzene 
molecule has a t  l e a s t  two s o l i d  phases and we obtained a "p la s t i c  
c rys t a l "  form of benzene unde r  pressure. 
temperature polymrphic  t r a n s i t i o n s  are hown f o r  many, i f  no t  most, 
so l id s ,  a s  the  e i g h t  forms of ice ,  f i v e  forms of amonium n i t r a t e ,  
o r  seven forms of t r i pa lmi t in .  
new phases undetectable by conventional postmortem examinations of 
quenched samples. 

Inf ra red  spectroscopy has played an important r o l e  i n  so l id - s t a t e  
s tud ies .  While the  inf ra red  spectrum is usua l ly  c h a r a c t e r i s t i c  of 
a p a r t i c u l a r  polymorphic form, it is  p a r t i c u l a r l y  s e n s i t i v e  t o  any 
modification of molecular shape such as r o t a t i o n a l  isomerism, 
tautomerism, o r  conformational d i f f e rences  which may be encountered 
i n  high-pressure phases. 

High-pressure, high- 

In s i t u  measurements w i l l  r evea l  

2. Intermolecular Forces. Fascinating p o s s i b i l i t i e s  f o r  e luc ida t ing  
intermolecular i n t e rac t ions  in condensed phases a r e  of fe red  by 
cont ro l led  v a r i a t i o n  of  pressure from ambient t o  100 k i lobars ,  and 
of temperature from ambient t o  400 C, on a sample o f  determinable 
volume. Questions of p a r t i c u l a r  chemical importance which can now 
be approached experimentally are:  

(a) 
apprec iab le  influence on intramolecular forces? 

A t  what po in t  do repuls ive  in te rmolecular  fo rces  exert an  
For example, 
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m s t  intramolecular v ib ra t ions  i n  condensed phases s h i f t  t o  
higher frequencies with increas ing  pressur,e. Is t h i s  s h i f t  
simply a d i e l e c t r i c  e f f e c t  r e l a t e d  t o  increas ing  dens i ty  with 
compression, o r  does i t  a c t u a l l y  represent a decrease i n  bond 
length of t he  p a r t i c u l a r  v ib ra t ing  e n t i t y ?  
a d i e l e c t r i c  e f f e c t  with compression, evidence from s tud ie s  of 
hydrogen-bonded compounds ind ica tes  t h a t  bond lengths a r e  def -  
k i i t e l y  a f f ec t ed .  

(b) When compressions a r e  s u f f i c i e n t  t o  r e s u l t  i n  decreased 
intramolecular bond lengths,  i s  the shortened bond more, o r  l e s s ,  
chemically a c t i v e ?  Do polar  bonds behave the  same a s  l e s s  polar 
bonds under s imi l a r  conditions? 

While there  w i l l  be 

(c) Does order  o r  o r i en ta t ion  i n  the l i qu id  approach the order 
i n  a corresponding s o l i d  a s  the dens i ty  of the  pressurized l i qu id  
approaches the  dens i ty  of t h a t  s o l i d ?  Techniques developed fo r  
measuring compress ib i l i t i e s  with photomicrographic and in f r a red  
spectroscopic da t a  were used to  show t h a t  some l i qu id  halogenated 
ethanes compress t o  the dens i ty  of the s o l i d  before s o l i d i f i c a -  
t ion  occurs. Also, the  pressure behavior of s t rongly  hydrogen 
bonded l iqu ids  ind ica t e s  a higher degree of o rde r  than was pre- 
viously suspected. 

3. Synthesis. Novel syntheses a r e  poss ib le  in  pressurized systems. 
For example, w e  have successfu l ly  polymerized a conjugated 
aromatic s u b s t i t u t e d  ace ty len ic  compound by W i r r a d i a t i o n  of 
a high-pressure s o l i d  phase. Reaction was n o t  induced i n  e i t h e r  
the ambient o r  pressur ized  l i qu id  phases, nor  in a low-temperature 
so l id  phase of the material. 

These techniques a r e  described and the  value of i n  s i t u  c a p a b i l i t i e s  is 
demonstrated by completely r e v i s i b l e  pressure e f f e c t s  which cannot be detected by 
pos t  m o r t e m  examination. These techniques involve using a d i amnd  anv i l  high- 
pressure c e l l  f i t t e d  w i t h  a meta l  gaske t  to  contain the  l iqu id .  
ape r tu re  of t h e  diamond c e l l  g r e a t l y  limits the  energy ava i l ab le  t o  the spectrometer 
and requi res  unusual ins t rumenta l  condi t ions  t o  achieve r e l i a b l e  r e su l t s .  The deter- 
mination of these opera t ing  condi t ions  and t h e i r  e f f e c t  on s p e c t r a l  r e s u l t s  is  d i s -  
cussed. These s p e c t r a l  r e s u l t s  c l e a r l y  show t h a t  much more than simple close-packing 
of moleclues is  involved a t  pressures  of  10-100 kilobars.  It is  a g rea t  a i d  in  pres- 
sure  s t u d i e s  to be ab le  to observe by normal o p t i c a l  microscopy any corresponding 
changes in the  physical s t a t e  of t he  sample. This is  p a r t i c u l a r l y  t r u e  f o r  the study 
of organic l i qu ids ,  m n y  of which s o l i d i f y  a t  r e l a t i v e l y  low pressures.  This phenom- 
enon has been used i n  the e a s i l y  manipulated diamond c e l l  to grow s ing le  c rys t a l s ,  
qu ick ly  and eas i ly ,  of many organic  compounds. 
spectroscopic and o p t i c a l  microscopic monitoring allows some very i n t e r e s t i n g  com- 
par i sons  of these high-pressure s i n g l e  c r y s t a l s  with normal c r y s t a l s  produced by 
f reez ing . 

The very small 

The powerful combination of infrared 

Spectra w i l l  be shown of various ranks of coa l  obtained by high-pressure 
techniques. These spec t r a  w i l l  be discussed both in t e r n  of a rou t ine  sampling 
method f o r  q u a l i t a t i v e  i d e n t i f i c a t i o n  and i n  terms of new knowledge t o  be gained 
concern-hg the s t r u c t u r e  of coa ls .  



ATR-PYROLYSIS SPECTRA OF COAL 

Stanley E. Polchlopek 
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30 Commerce Road 
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Infrared spectra  of coa l  have been prepared, h i s t o r i c a l l y ,  as might 
be expected, by the  usua l  techniques. Each of these has something t o  recommend 
it and each has some disadvantage. 
exhibi ted excessive s c a t t e r i n g  and have provided good spec t ra  only a f t e r  long 
per iods of grinding, of ten  under selected solvents .  

Both mulls and a l k a l i  ha l ide  d i s c s  have 

But even a f t e r  a sample was prepared and i t s  spectrum recorded, t h e  
i n t e r p r e t a t i o n  was complicated by t h e  presence of a l a r g e  amount of carbon 
xhich contr ibutes  nothing. I n  f a c t ,  the  presence of a la rge  amount of highly 
absorbing carbon d e t r a c t s  from t h e  spectrum by imposing at tenuat ion 
requirenents on the  reference beam. I n  addition, t h e  organic components have 
reacted with a l k a l i  ha l ide  d i s c s  and i n  some cases spurious water bands have 
been reported.  

The conbination of ATR and pyro lys i s  o f f e r s  a new approach t o  the  
s z u d  rf coal  samples by inf ra red  spectrophotometry. In  t h i s  study a Barnes 
PY-2 Pyrzlyzer and a Barnes ATR-4 u n i t  were used i n  conjunction with a 
Perkin-Elmer 257 Spectrophotometer. 
s i i p l i f i e s  sample preparat ion but  imposes c e r t a i n  precautions which must be 
observed i n  in te rpre ta t ion .  

The use of t h i s  combination of techniques 

Experimental 

Two charges of 25Omg each were used t o  prepare each spectrum. One 
ckarge v:es deposited on each s i d e  of an ATR-4 KRS-5 ( tha l lous  bromide-iodide 
cr , -s ta l ) .  After  appropriate  experimentation, a time of 90 seconds and 900°C 
was used f.or each charge. 
0.lm c r  l e s s .  P j ro lys i s  i n  a vacuum i s  necessary i n . o r d e r  t o  e l iminate  
open i'lane cmbust ion and t 3  minimize possible  end group react ions.  

All of the  samples were pyrolyzed i n  a vacuum of 

Resul ts  

Six coa ls  of varying rank were s tudied.  These were obtained from 
Dr. R .  A. Fr iedel ,  t h e  symposium chairman. They a r e  described i n  Table I. 
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COAL SOURCE ARE3 PERCENTAGE C 

Anthracite Reading, Pennsylvania 92.5% 

Low v o l a t i l e  

Medium v o l a t i l e  

High v o l a t i l e  B 

High v o l a t i l e  A 

B i  twninous Pocahontas, West Virginia 9 1 . 9  

Bituminous Wyoming County, West Virginia 9 9 . 9  

Bituminous Waltonville, I l l i n o i s  7 9 . 8  

Bituminous Bruceton, Pennsylvania 83.1% 

Sub -b i  tuminous Sweetwater County, Wyoming 73.72 

One of the r e s u l t s  of t h i s  study which was somewhat surpr i s ing  i s  
t h a t  the  same time-temperature conditions could be applied t o  produce spectra 
of apprDximately equivalent appearance f o r  a l l  s i x  of the samples studied. 

Fig. 1 shows t h e  ATR spectrum of the  pyrolyzate of sub-bituminous coal. 
The spectrum shows the presence of phenols i n  l a rge  amounts. The -OH band 
centered a t  about 3225 cm-1. There a re  shoulders on both s ides  of the  
absorption peak ind ica t ing  the  presence of o ther  species of -OH o r  perhaps 
-NH. 

In Fig 2, which i s  the  pyrolyzate of high v o l a t i l e  A bituminous, 
shows c l e a r e r  separation of bands i n  the  -OH s t r e t c h  region. The carbonyl region 
i s  subs t an t i a l ly  unchanged and the  phenyl frequencies i n  the  650 t o  850 cm-I 
region have become more complex. 
of phenols. 

The spectrum continues t o  show t h e  presence 

The pyrolyzate of high v o l a t i l e  B bituminous shown i n  Fig.  3 shows 
t h a t  the  amount of v o l a t i l e  -OH has ,decreased i n  quant i ty  and i n  complexity. 
The phenyl frequency region from 650 t o  850 em-’ has become somewhat l e s s  
complicated. The carbonyl region i s  a l s o  changed and shows fewer bands. This 
ind ica tes  t h a t  the very v o l a t i l e  components found i n  very low rank coals a r e  
present  i n  decreased amounts. 

The spectrum of medium v o l a t i l e  bituminous shown i n  Fig. 4 shows a 
The -OH p a t t e r n  i n  the  carbonyl region and i n  the  1400 t o  1500 cm-’ region. 

s t r e t c h  region remains about t he  same. The phenyl frequencies from 
650 t o  850 cm-’ have again become more complex. 
a t  1420 em-’ may be taken t o  mean t h a t  there  has been an increase i n  the  
a l i p h a t i c  subs t i t u t ion  of the  phenyl systems. 

The appearance of the  band 

Low v o l a t i l e  bituminous which has almost t he  same carbon content 
a s  the pyrolyzate shown i n  Fig. 5. The spectrum is  no t  a s  in tense  probably 
because the re  a re  not as many v o l a t i l e s  present.  
has almost disappeared. 

The band a t  1X)O t o  1300 cm-l 
The 650 t o  850 cm-I region has become qu i t e  complex. 

The spectrum of the  pyrolyzate of an th rac i t e  is  shown i n  Fig.  6 .  
This spectrum is not r e l a t ed  t o  the  others.  It is, i n  f ac t ,  simply a spectrum 
of t a r .  
roads and driveways. The only d i f fe rence  i s  i n  t h e  s i z e  of t h e  charge used t o  
produce the spectrum. 
of about the  same i n t e n s i t y  a s  a 25Omg charge of an th rac i t e .  

The same spectrum has been observed from asphal t s  used t o  black top  

A charge of about 25mg of asphal t  w i l l  produce the  spectrum 
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I 
The spectra  i n  t h i s  study show t h a t  a combination of ATR and pyrolysis  

of fe r  a new approach t 3  the  study of coal  spectra .  
technique l i e s  i n  t h e  f a c t  t h a t  it speeds up sample preparation. 

The major b e n e f i t  of the  

> 
9 

i 
\ 

\ 
, \  

\ , 
f 
c 

1 



I '  

(v 



201, 



32. 

. .. 

. .  
. . . . . . .. .. . . . .. . . . . . 

0 .. - ,  



203. 
. THE USE OF INFRARED SPECTROSCOPY TO STUDY 

SURFACE GROUPS AND ADSORBED SPECIES ON CATALYSTS 

By Michael R. Bas i l a  

Gulf Research h Development Company 
P i t t s b u r g h ,  Pennsylvania 15230 

INTRODUCTION 
i n  s u r f a c e  chemistry and c a t a l y s i s  has  been growing a t  an eve r - inc reas ing  r a t e .  
mOSt  popular  technique has  been i n f r a r e d  fol lowed by n u c l e a r  magnetic resonance and 
e l e c t r o n  sp in  resonance. 

I n  r e c e n t  y e a r s  t h e  a p p l i c a t i o n  of  spec t roscop ic  t echn iques  t o  problems 
The 

I n f r a r e d  techniques a r e  most u s e f u l  i n  s u r f a c e  f u n c t i o n a l  group i d e n t i f i c a -  
t i o n  and (through the  u s e  of adsorbed molecules  a s  probes)  i n  s tudy ing  t h e  n a t u r e  of  
t h e  active si tes f o r  a d s o r p t i o n  and r e a c t i o n .  In  some c a s e s  i t  has  been p o s s i b l e  to 
o b t a i n  mechanis t ic  information concerning the  n a t u r e  of i n t e rmed ia t e s  i n  s imple 
r e a c t i o n s  such a s  t h e  decomposition of formic a c i d  over supported and unsupported 
metal  c a t a l y s t s  (1). 

As an i l l u s t r a t i v e  example of  t h e  u s e  of i n f r a r e d  techniques i n  s tudying t h e  
behavior  of s u r f a c e  f u n c t i o n a l  groups and t h e  u t i l i z a t i o n  of molecular  probes t o  
c h a r a c t e r i z e  a c t i v e  s u r f a c e  sites, a review of our  s t u d i e s  of t h e  s u r f a c e  of s i l i c a -  
alumina w i l l  be given.  
and ammonia -- a s  probes t o  c h a r a c t e r i z e  t h e  s u r f a c e  a c i d  sites. 

SURFACE GROUPS ON SILICA-ALUMINA I n  Fig.  1 t h e  spectrum of  a h igh ly  dehydrated s i l i c a -  
alumina (25 wt.% A120 ) is given. 
v i b r a t i o n  i n  s u r f a c e  tyd roxy l  groups.  The bands a t  1975, 1866 and 1633 cm-' a r e  over- 
t one  and combination l a t t i c e  v i b r a t i o n s  (2).  
which is due t o  an u n i d e n t i f i e d  s u r f a c e  group, p o s s i b l y  a s u r f a c e  impuri ty .  The 
3745 c m - l  band has been a s s igned  t o  t h e  OH s t r e t c h i n g  v i b r a t i o n  i n  hydroxyl groups 
a t t a c h e d  t o  s u r f a c e  s i l i c o n  atoms ( 2 ) .  This  assignment w a s  made on t h e  b a s i s  of s i m i -  
l a r i t i e s  i n  the  frequency,  band shape and o t h e r  p r o p e r t i e s  w i t h  t h e  s u r f a c e  hydroxyls 
on s i l i ca .  I t  has been confirmed by n u c l e a r  magnetic resonance measurements (3).  The 
p resence  of a s i n g l e  s u r f a c e  hydroxyl group type is r a t h e r  s u r p r i s i n g .  
workers (4) have observed t h r e e  t o  f i v e  OH s t r e t c h i n g  bands due t o  i s o l a t e d  (non- 
hydrogen bonded) s u r f a c e  hydroxyl groups on alumina, wh i l e  on ly  one band a t  3750 cm-l 
is observed on s i l i ca  (5).  The r e s u l t s  f o r  s i l i ca -a lumina  sugges t  t h a t  t h e r e  a r e  no 
a lumina - l ike  a r e a s  on t h e  s u r f a c e  o r  conve r se ly ,  that t h e  aluminum ions  are d i s t r i b u t e d  
evenly throughout t h e  l a t t i c e .  We have looked a t  o t h e r  commercial s i l i ca -a luminas  
(A1 O3 ,< 25 wt.%) and a l l  have on ly  a s i n g l e  s u r f a c e  hydroxyl t ype  ( a t t ached  t o  
su rgace  s i l i c o n  atoms) e Other  workers have made s i m i l a r  obse rva t ions  (6a)  however 
t h e r e  have been s e v e r a l  cases where t h e  p re sence  of a lumina-l ike s u r f a c e  hydroxyl 
groups have been r epor t ed  i n  a d d i t i o n  t o  t h e  s i l i c a - l i k e  groups (6b). 

SURFACE A C I D  SITES Use has  been made of ammonia a s  a molecular  probe t o  s tudy s u r f a c e  
a c i d i t y  on alumina and s i l i ca -a lumina  c a t a l y s t s  by a number o f  workers  (7).  
on the  o t h e r  hand has  on ly  been used i n  a few s t u d i e s  (8). Pyr id ine  o f f e r s  t he  advan- 
t age  t h a t  one can d i s t i n g u i s h  unequivocably between c o o r d i n a t e l y  bonded (LPY), pro- 
t ona ted  (BPY), and hydrogen bonded (HPY) adsorbed s p e c i e s  ( 8 ) .  The bands t h a t  a r e  
used i n  making t h e s e  d i s t i n c t i o n s  a r e  shown i n  Table I (6b). 

tiere, use  was made of n i t r o g e n  c o n t a i n i n g  molecules  -- pyr id ine  

The band a t  3745 cm" is  due t o  t h e  OH s r e t c h i n g  

There is a l s o  a weak band a t  1394 cm-' 

A number of 

Pyridine 
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TABLE I 

BAND POSITIONS FOR COORDINKCELY BONDED, PROTONATED 
AND HYDROGEN-BONDED PYRIDINE ADSORBED ON SILICA-ALUMINA* 

LPY HP 
Species Type (cm-1) 

8a ' vCC (N) 1620 1638 1614 
8b V C C  (N) 1577 1620 1593 
19a PCC(N) 1490 1490 1490 
19b V C C  (N) 1450 1545 1438 

*LPY = coordinately bonded pyridine (chemisorbed) 
BPY = protonated pyridine (chemisorbed) 
HPY = hydrogen bonded pyridine (physically adsorbed) 

Chemisorbed NH3 exhibits two bands that can be used to distinguish between the coor- 
dinately bonded and protpated species. 
(LNH3) and 1432 cm-' respectively (7, 9). However, the (physically adsorbed) 

some uncertainty in the estimation of Lewis/Bronsted acid site ratios (9). 

The position of these bands are at 1620 

hydrogen-bonded cannot be distinguished from LNH3 which introduces 

Figs. 2 and 3 are spectra of pyridine and ammonia adsorbed on silica-alumina. 
An expression for calculating the ratio of Lewis to Bronsted acid sites on the surface 
of silica-alumina using the 1490 and 1450 cm'l bands of LPY and BPY has been developed 
(10). 

w= A1450 ; A = peak absorbance 
P q  A1490-0-25 A1450 

The band at 1545 CUI'' cannot be used directly in conjunction with the 1450 cm-l band 
because it has a much smaller absorption coefficient and the ratios are usually con- 
siderably greater than 1. 
LPY and BPY it has different absorption coefficients with '&Y/ELPY = 6 (10). 

The use of the 1490 cm'l band is convenient because for 

The bands at 1620 and 1432 cm'l of chemisorbed ammonia can be used directly 
to estimate the Lewis/Bronsted acid site ratio. 
are: = 7 (9). By these two methods it has been determined that one out 
of ev:g3$ive tNH3, (9)) to 7 (PY, (10)) molecules that are chemisorbed are adsorbed 
as the protonated species for the silica-alumina which was studied comparatively. 
Other silica-aluminas have different Lewis/Bronsted acid site ratios (10) which is 
to be expected since the relative amounts of alunina and methods of preparation vary 
over considerable ranges. 

EFFECT OF WATER ON SURFACE ACIDITY More detailed studies of the adsorption of 
pyridine and ammonia on silica-alumina have exposed some rather interesting behavior. 
When H 0 is adsorbed on chemisorbed pyridine (8) or ammonia (10) containing samples 
most 08 the LPY (LNH However, this 
reaction is reversibfc and the spectrum returns to the original upon evacuation 
(Fig. 2d). 
is removed and no band due to HPY is observed. 
H 0 ,  the same spectrum results but the water is removed by subsequent evacuation 
(ab). Hence, it appears that the H20 molecules interact with the chemisorbed LPY 
and a proton transfer occurs without displacement of LPY. 

The relative absorption coefficients 
/ 5 6  

is converted to BPY (mi)  (Figs. 2b, c). 

During this experiment H20 does not displace pyridine since no pyridine 
If pyridine is added to chemisorbed 

. 
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It is d i f f i c u l t  t o  r a t i o n a l i z e  the  n a t u r e  of t h i s  i n t e r a c t i o n  between water 

and chemisorbed pyr id ine  o r  ammonia. It  is  important  t o  n o t e  t h a t  p y r i d i n e  and water 
In s o l u t i o n  do not  i n t e r a c t  t o  form pyridinium ion  but  merely engage i n  hydrogen 
bonding i n t e r a c t i o n s  (11) .  
t i o n  of one o r  bo th  of t h e  components by t h e  s u r f a c e .  
n i t rogen  conta in ing  base s t a y s  on the  primary a c i d  s i t e  and t h e  w a t e r  p a r t i c i p a t e s  
i n  a secondary i n t e r a c t i o n .  
an e l e c t r o n  t r a n s f e r  i n t e r a c t i o n  from the  lone e l e c t r o n  p a i r  on the-N atom t o  a 
t r i g o n a l  s u r f a c e  aluminum atom leading to  a s u r f a c e  complex of tRe type ( I ) .  

The formation of BPY t h e r e f o r e  must r e s u l t  from a c t i v a -  
The r e s u l t s  sugges t  t h a t  the 

Presumably a d s o r p t i o n  o f  p y r i d i n e  t o  form occurs  by 

$’ 5- +H20 @ fA 

-H20 H’ 

~ 

>N+AL;. ,N-- 

(1) (11) 

I n  t h e  presence of water ,  the  e l e c t r o n  t r a n s f e r  from N t o  s u r f a c e  A1 may be e s s e n t i a l l y  
complete i f  a hydrogen atom from the water is t r a n s f e r r e d  t o  t h e  LPY and the OH r a d i -  
c a l  migra tes  t o  t h e  aluminum atom t o  g i v e  a complex of t y p e  (11). 
would occur  i f  a proton was t r a n s f e r r e d  t o  t h e  p y r i d i n e  and t h e  hydroxyl ion t o  t h e  
t r i g o n a l  aluminum atom. 
s u r f a c e  i n  an ion  p a i r  w i t h  ( SAlOH)’. The only d i f f i c u l t y  w i t h  t h i s  model is t h a t  
t h e  n i t r o g e n  base i s  a p p a r e n t l y  s t r o n g l y  he ld  dur ing  t h i s  i n t e r a c t i o n  (8b)  s i n c e  i t  
does not  desorb upon evacuat ion  whereas t h e  pyridinium i o n  should have some s u r f a c e  
mobi l i ty .  
however, t h e  d a t a  sugges t  t h a t  it is s t r o n g l y  d isp laced  to the r i g h t  s i n c e  most of the  
LPY can be converted t o  BPY. It should be noted t h a t  t h e r e  are no  d a t a  a v a i l a b l e  t o  
i n d i c a t e  whether the added H20 molecules a r e  i n  a 1:l r a t i o  w i t h  t h e  number of LPY 
molecules.  
r i g h t .  

SURFACE ACIDITY MODEL These r e s u l t s  have led us t o  p o s t u l a t e  (8b) t h a t  a l l  of t h e  
a c i d i c  si tes on s i l ica-a lumina  a r e  of t h e  L e w i s  o r  e l e c t r o n  acceptor  type and t h a t  
Bronsted type a c i d i t y  results from a secondary i n t e r a c t i o n  between t h e  molecule 
chemisorbed on the  primary L e w i s  type s i te  and a n  a d j a c e n t  S i O H  group. 
a c t i o n  i s  p i c t u r e d  a s  s i m i l a r  t o  t h a t  between water and chemisorbed LPY. 

The same r e s u l t  

I n  e i t h e r  c a s e  t h e  pyridinium i o n  would then b e  held on t h e  

The real s i t u a t i o n  most l i k e l y  involves  an e q u i l i b r i u m  between (I) and (111, 

I f  t h e  r a t i o  were h igher ,  t h e  e q u i l i b r i u m  would be pushed toward t h e  

This  i n t e r -  

\ I /  

0 s i  
1 ‘\ I 

\ 
r >,A- 0 

*N’’+Alg f I N ?  5 A l f  ’ 5+ 
(IV) 

H 

This  model’s c h i e f  advantage is t h a t  it a l lows  t h e  r a t i o n a l i z a t i o n  o f  e x t e n s i v e  da ta  
i n  t h e  l i t e r a t u r e  v h i c h  h e r e t o f o r e  h a s  been taken as evidence that  s i l i c a - a l u m i n a  
has  predominantly Lewis type s i t e s  o r  converse ly  p r e d o m i n a n t l y a r o n s t e d  s i t e s .  
sugges ts  that a proton is  a v a i l a b l e  i f  needed m e c h a n i s t i c a l l y  such as t o  form a 
classical carbonium ion  from an o l e f i n ,  but is not  n e c e s s a r i l y  involved i n  a l l  acid-  
c a t a l y z e d  r e a c t i o n s  t h a t  proceed over  s i l i ca-a lumina  (9) .  

Spectroscopic  evidence suppor t ing  t h i s  model w i l l  now be considered.  
Fig.  4 a p l o t  of t h e  c o n c e n t r a t i o n  of chemisorbed NH; v e r s u s  t o t a l  ammonia adsorbed 
is g iven .  A s  would be expected the  s l o p e  d e c r e a s e s  a s  the t o t a l  m o u n t  of ammonia 
adsorbed increases .  The i n i t i a l  s lope  is 0.25 which i n d i c a t e s  t h a t  i n i t i a l l y  one . 

(111) 

It 

I n  
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o u t  of every f i v e  ammonia molecules  is chemisorbed as NH+. 
c o n c e n t r a t i o n  of i s o l a t e d  (non-hydrogen bonded) s u r f a c e  hydroxyls ve r sus  t h e  t o t a l  
amount of ammonia adsorbed. For a n a l y s i s  t h e  smooth cu rve  is broken i n t o  two 
l i n e a r  segments. Note t h a t  t h e  i n t e r s e c t i o n  p o i n t  co inc ides  w i t h  t h e  po in t  (Fig.  4 )  
where the i n c r e a s e  i n  (NH+) as t o t a l  ammonia adsorbed i n c r e a s e s  begins  t o  f l  t t e n  
ou t .  The i n v e r s e  s l o p e  04 the low coverage l i n e a r  se e n t  i n  Fig.  5 is 5.5 0.5 
and t h a t  of t h e  high cove rage  l i n e a r  segment i s  0.98 FO.09. Hence, a t  low coverage 
one ou t  of every f ive o r  six chemisorbed ammonia molecules  is  hydrogen bonded t o  a 
s u r f a c e  hydroxyl group. A t  h i g h  coverage every adsorbed ammonia is hydrogen bonded 
t o  a s u r f a c e  hydroxyl group,  which is t y p i c a l  o f  t he  phys ica l  adso rp t ion  of ammonia 
on s i l i c a  gel (no a c i d i c  sites). 
coverage segment corresponds t o  phys i ca l  a d s o r p t i o n  and t h e  low coverage segment t o  
chemisorpt ion.  The c u r v a t u r e  nea r  t h e  t r a n s i t i o n  po in t  is a r e s u l t  of both processes 
occur r ing  s imultaneously.  

F ig .  5 is a p l o t  of the 

It is ev iden t  from t h e s e  r e s u l t s  t h a t  t he  high 

According t o  the p r e d i c t i o n s  of the model [N$]<bH]bonded9 t h a t  i s  t h e  
number o f  chemisorbed a m o n i a  molecules  which a r e  involved in "hydrogen-bonding" 
i n t e r a c t i o n s  w i t h  s u r f a c e  hydroxyl groups should be g r e a t e r  than o r  equal  t o  t h e  
concen t r a t ion  of chemisorbed N H i .  
coverage)  a r e  t h a t  one i n  f i v e  ammonia molecules  is chemisorbed as NH; and one i n  
f i v e  o r  s i x  is hydrogen bonded t o  a s u r f a c e  hydroxyl group, i n  good agreement wi th  t h e  
p r e d i c t i o n .  Furthermore,  it is pred ic t ed  t h a t  hydroxyl groups involved i n  proton 
t r a n s f e r  i n t e r a c t i o n s  w i t h  chemisorbed ammonia molecules  should no t  e x h i b i t  an OH 
s t r e t c h i n g  band, hence a t  low s u r f a c e  coverage where chemisorpt ion predominates the  
i n t e n s i t y  o f  t h e  3050 cm-' band (due t o  t h e  hydrogen-bonded OH s t r e t c h i n g )  should 
i n c r e a s e  a t  a very much lower ra te  than  a t  high coverage where phys ica l  adso rp t ion  
predominates .  Th i s  behavior  i s  ev iden t  i n  Fig.  6 whe e the  peak absorbance o f  t h e  
3745 c m - l  band is p l o t t e d  versus t h a t  of t h e  3050 cm-' band. Th i s  evidence is not  
conc lus ive  however because t h e  OH groups i n  a non-proton t r a n s f e r  i n t e r a c t i o n  w i t h  
chemisorbed molecules may have a d i f f e r e n t  peak frequency and abso rp t ion  c o e f f i c i e n t  
t h a n  those  involved i n  a normal hydrogen-bonding i n t e r a c t i o n  (9). 

The r e s u l t s  i n  Figs .  4 and 5 ( a t  low su r face  

Addit ional  suppor t ing  evidence f o r  t h e  proposed model i s  shown i n  Fig.  7. 
I n  t h i s  experiment the  s i l i ca -a lumina  w a s  poisoned by impregnation w i t h  potassium 
acetate followed by c a l c i n a t i o n .  The presence of a l k a l i  metals i n  a c i d i c  c a t a l y s t s  
is  known t o  p o i  on carbonium i o n  r e a c t i o n s  (13). Fig.  7a shows t h a t  t h e  band due to  
BPY a t  1545 cm-' is a b s e n t ,  hence poisoning w i t h  potassium ions  e l i m i n a t e s  Bronsted 
type  a c i d i t y .  
markedly decreased when s i l i ca -a lumina  i s  poisoned by the  a d d i t i o n  of potassium. 
The hydroxyl groups a r e  l i t t l e  e f f e c t e d .  When water is adsorbed on the  py r id ine  
c o n t a i n i n g  s u r f a c e  the  LPY s p e c i e s  are  converted t o  BPY (Fig .  7b).  Hence the  added 
potassium ions  do no t  p reven t  t h e  conve r s ion  of LPY t o  BPY by adsorbed wa te r .  This  
r e s u l t  is  q u i t e  s u r p r i s i n g .  It e l i m i n a t e s  t h e  s u r f a c e  s p e c i e s  (?AlOH)-H+ a s  t h e  
sou rce  of i nhe ren t  Bronsted a c i d i t y  on a f r e s h  s i l i ca -a lumina  s u r f a c e ,  I f  t h i s  
s p e c i e s  were p resen t  t h e  K+ i o n s  would exchange w i t h  t h e  H+ ions  and r ende r  the  s i t e s  
completely i n a c t i v e .  The f a c t  t h a t  w a t e r  can  s t i l l  conve r t  LPY t o  BPY sugges t s  t h a t  
even though t h e  degree o f  a c t i v a t i o n  of py r id ine  by t h e  a c i d i c  s i t e  i s  decreased (8b) 
t h e  p ro tona t ion  r e a c t i o n  can  s t i l l  proceed i f  t he  proton donor can g e t  c l o s e  enough. 

I t  has been shown (8b) that t h e  s t r e n g t h  of t h e  a c i d i c  s i tes  is 

This  behavior  c a n  be r a t i o n a l i z e d  i n  terms of our model as fo l lows  and 
hence is taken as  i n d i r e c t  suppor t ing  evidence.  S ince  the  r e a c t i o n s  of t h e  LPY-acid 
s i t e  complex and t h e  a d j a c e n t  OH are geomet r i ca l ly  f ixed  a dec rease  i n  t h e  deg ree  of 
act ivat ion of LPY can p reven t  t h e  t r a n s f e r  of a proton.  However, wa te r  molecules  a re  
mobile  and can cane in  very close proximity t o  t h e  complex t o  e f f e c t  proton t r a n s f e r .  
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SUMMARY The r e s u l t s  d i scussed  above demonstrate  t h a t  i n f r a r e d  spec t roscop ic  t ech -  
niques can provide d e t a i l s  of s u r f a c e  chemistry and t h e  n a t u r e  of s u r f a c e  f u n c t i o n a l  
groups.  Spectroscopic  techniques do n o t  p rov ide  t h e  panacea f o r  a l l  c a t a l y t i c  prob- 
lembs, however. 
concluded t h a t  they w i l l  (and do )  c o n s t i t u t e  an important  t o o l  f o r  t h e  c a t a l y t i c  
chemist .  
a s  g rav ime t r i c  adso rp t ion  measurements (used f o r  example t o  o b t a i n  s u r f a c e  concen- 
t r a t i o n s  i n  Figs .  4 and 5 )  and i s o t o p e  exchange techniques.  

They sometimes r a i s e  more q u e s t i o n s  t h a n  they answer. It can be 

They a r e  most e f f e c t i v e  when used i n  con junc t ion  w i t h  o t h e r  techniques such 
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Fig. 2. 
and €L$ on silica-alumina. (a) SA 
exposed to pyridine at 17 mm. and 
l5O.C for 1 hr. followed by evacua- 
tion at 1 5 0 ° C  for 16 hr. (b) Expo- 
s u e  to H$ at 15 mm. and 1 5 0 ° C  for 
1 hr. followed by evacuation at l5O.C 
for 1 hr. 
mm. and 2 5 ° C  for 1 hr. followed by 
evacuation for 1 hr. at 25.c. 
(d) Evacuation for 16 hr. at l5O.C. 

Duaz adsorption of pJnldine 

(c) Exposure to E$ at 1 5  

Fig. 4. A comparison of the concen- 
trations of FlII and NHI++ adsorbed on 
- SA as the to& a m m t  of a~rm~nia 
adsorbed increases. [Aaa le the 
sum of [hi$ and [und. The ver- 
A '-al. Line enotei the point of 
straight line intersection Fn ng. 5. 

Mg. 3 
500'C, e v a c a e d  5 hours at 500°C. 
posed to 10 nun NH3 for 1 hour at l 5 O o C ,  
evacuated 1 hour at 1 5 0 ° C .  
exposed to 10 mm NH3 fo r  1 hour at 25OC, 
evacuated for 1 hour at 25°C. 
quently exposed to 10 unn NH3 for 1 hour, 
no evacuation. 
gaseous 'JH3 have been subtracted. 

(a) SA calcined 16 hours in O2 at 
(b) Ex- 

(c) Subsequently 

(a) Subse- 

Very weak bands due to 
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SELF-ASSOCIATION OF PHENOL I N  NON-POLAR SOLVENTS 

Kermit B. Whetsel and J. Harold L d y  

Tennessee Eastman Co. , Dipis ion  of Eastman Kodak Co. , Kingsport, Tenn. 37660 

Although the  se l f - a s soc ia t ion  of  phenol has been studied b y  a v a r i e t y  of methods, 
our knowledge o f  t h e  thermodynamics of t h e  process i s  still  incomplete. Thermo- 
dynamic constants f o r  t h e  d imer iza t ion  of phenol i n  carbon t e t r a c h l o r i d e  solution 
have been reported (1, 2), b u t  comparable da t a  for the formation of higher m u l t h r s  
a r e  not ava i lab le .  Furthermore, t he  e f f e c t s  of so lven t s  on t h e  se l f - a s soc ia t ion  
vrocess have not been repor ted .  

The sb jec t ive  o f  t h e  present  work was t o  determine thermodynamic cons tan ts  f o r  the  
dimer and higher multimers of phenol i n  carbon t e t r a c h l o r i d e  and cyclohexane solu- 
t i ons .  The i n t e n s i t y  o f  t h e  first overtone 0-H s t r e t c h i n g  band o f  phenol was 
measured a s  a func t ion  of concent ra t ion  and temperature i n  b o t h  so lvents  and the 
f i t  of t h e  da ta  t o  a v a r i e t y  of se l f - a s soc ia t ion  models tes ted .  A method was 
developfd f o r  ca l cu la t ing  t h e  approximate a b s o r p t i v i t y  of 0-H end groups i n  l i n e a r  
assoc ia ted  species and f o r  t a k i n g  t h i s  f a c t o r  i n t o  account i n  t h e  determination 
uf formation constants.  The e f f e c t s  o f  concentration, temperature, and solvent 
upon t h e  fundamental 0-H s t r e t c h i n g  bands of phenol were inves t iga ted  b r i e f l y .  

EXPERIMENTAL 

Equipment and Ha te r i a l s .  Measurements i n  t h e  fundamental and first overtone 
r eg ions  were made w i t h  Beclanan IR-9  and Cary Model 14 spectrophotometers, respec- 
t i v e l y ,  equipped with thennos ta ted  ce l l  holders.  Spectral slit widths were 
approximately 2.3 cm-l i n  t h e  fundamental reg ion  and 6.4 cm-’ i n  t h e  overtone 
region. Spectro grade cyclohexane was used a s  received. Reagent grade carbon 
t e t r a c h l o r i d e  was d r i ed  over molecular s i eve  Type 5A. 
d i s t i l l e d  and s tored  i n  a des i cca to r  over Drierite and phosphorous pentoxide. 
When not be ing  used, a l l  s o l u t i o n s  were s tored  i n  glass-stoppered f l a s k s i n  a 
d e  s i c  cat or. 

Reagent grade phenol was 

Calculations.  For t h e  s e l f - a s s o c i a t i o n  e q u i l i b r i a  nCl* Cn, t h e  following equations 
a PPlY : 

(1 1 
Cn 

C” 
Kn = - 

where A i s  absorbance, 1 i s  p a t h  length ,  CL is monomer concentration, Cl i s  s to ich io-  
metric concentration, €1 i s  monomer abso rp t iv i ty ,  and En i s  t h e  a b s o r p t i v i t y  of 
polymeric species.  For the s p f c i a l  case of En = 0, equat ions  2 and 3 reduce t o  
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The number of unknown parameters i n  Equation 5 can be reduced by imposing t h e  
r e s t r i c t i o n  that t h e  stepwise formation cons tan ts  f o r  a l l  multimers above dimer 
a r e  equal. This typf o f  a s soc ia t ion  i s  described by the  expressions: 

where 
K2Kn-', and the  only unknowns i n  Equation 5 a r e  K2, K, and €1. 

The values of €1 required f o r  t he  so lu t ion  of Equation 5 were determined by ex t r a -  
po la t ing  p l o t s  of apparent a b s o r p t i v i t y  versus  C z  t o  i n f i n i t e  d i lu t ion .  The form- 
a t i o n  constants were ca lcu la ted  using a computer and a standard l e a s t  squares 
methcd f o r  nolynomials. The program used t o  solve the  genera l  form of Equation 5 
allowed formation cons tan ts  t o  be ca lcu la ted  f o r  s ing le  multimers or any combination Of 

multimers from dimer through octamer. The program used t o  solve the  r e s t r i c t e d  
form allowed the  cont r ibu t ion  of up t o  20 spec ies  t o  be taken i n t o  account. 

i s  independent of p when E > 2. Under these  condi t ions  Kn i s  equal  t o  

Equation 5 i s  not d i r e c t l y  appl icable  when en # 0, but it can be used t o  determine 
formation constants by an i t e r a t i o n  procedure as  follows: I n i t i a l  es t imates  of 
Kn a r e  obtained by assuming than  en = 0 and using Equation 5 i n  t h e  normal manner. 
A small i n c r e m n t  of end group abso rp t iv i ty  (A cn = 0.05 t o  0.10) i s  assumed and 
a set of corrected A / 1  values generated by using t h e  equation 

Th i s  s e t  of va lues  i s  subs t i t u t ed  i n t o  Equation 5 t o  obta in  second es t imates  of 
Kn. The second estimates of Kn and t h e  f irst  set o f  corrected A / 1  va lues  a r e  
subs t i t u t ed  i n t o  t h e  r i g h t  s ide  of Equation 7 t o  obta in  a second s e t  of corrected 
A / 1  values. Successive es t imates  of K, and co r rec t ions  of A / 1  are made u n t i l  t h e  
standard e r r o r  of f i t t i n g  Equation 5 passes through a minimum. The values of Kn 
g iv ing  the  minimum e r r o r  are taken as the  b e s t  e s t ima tes  of t hese  quan t i t i e s .  
approximate end group a b s o r p t i v i t y  i s  equal t o  E(A en),  where E i s  t h e  number of 
i t e r a t i o n s  required t o  obtain t h e  minimum e r ro r .  The b e s t  es t imate  of t he  end 
group abso rp t iv i ty  i s  ca lcu la ted  from the  equation 

The 

where ( A / I ) ~ ( N )  i s  the s e t  of c,orrected A / 1  va lues  which g ives  t h e  minimum error 
i n  f i t t i n g  Equation 5. 
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The i t e r a t i o n  procedure w a s  used only 
stepwise assoc ia t ion  constants ,  where 

with t h e  model involving dimerizat ion and 
Kn = GIP-2. The r e s u l t s  obtained when 

t h e  method was t e s t e d  wi th’synthe t ic  data  a r e  shown i n  Table I. While the 
method does not converge t o  t h e  t h e o r e t i c a l  values,  it y i e l d s  values  f o r  t h e  
f o m t i o n  constants  and en that a r e  within 5 and a$, respect ively,  of the t r u e  
values.  

S p e c t r a l  h t a .  Solut ions of phenol above a few hundredths molar show t h r e e  0-H 
bands i n  t h e  f’undamental region. 
bonded 0-H bands a r e  near 3500 and 3350 cm-l. The band near 3500 cm-1 i s  normally 
assigned t o  a c y c l i c  dimer s p c i e s  and the  one near 3350 an-l t o  l i n e a r  associated 
species .  
c reas ing  concentration and decreasing temperature. 

The f ree  0-H band i s  near 3612 an-’ and t h e  two 

The r e l a t i v e  i n t e n s i t y  of t h e  band near 3350 cm-l Increases  with in-  

The pr inc ipa l  fea ture  of t h e  first overtone spectrum i s  a f r e e  0-H band near 7050 
cm-l whose apparent a b s o r p t i v i t y  decreases as se l f -assoc ia t ion  occurs. 
0-H groups a r e  evidenced only b y  a broad, weak band extending from about 7050 t o  
6000 cm-l. 
hexane than i n  carbon t e t r a c h l o r i d e .  
hydrocarbon solvent,  however, and a t  concentrat ions above 0.1 o r  0 . 3  t h e  order 
of apparent a b s o r p t i v i t i e s  i s  reversed. 

Bonded 

The a b s o r p t i v i t y  of t h e  monomer i s  approximately SO$ g r e a t e r  i n  cyclo- 
Self-associat ion occurs more r e a d i l y  i n  t h e  

Model F i t t i n g .  
Dhenol concentrat ions l e s s  t h a n  0.1g were used. Several  d i f f e r e n t  models gave 
s a t i s f a c t o r y  f i t s  over t h i s  l imi ted  concentrat ion range. 
cons tan ts  derived from these  t e s t s  were appl ied t o  data  f o r  higher phenol con- 
cent ra t ions ,  the  agreement between ca lcu la ted  and observed absorbances de te r iora ted  
rap id ly .  

In  t h e  i n i t i a l  a t tempts  t o  f ind  t h e  b e s t  model, only t h e  da ta  f o r  

But when the fornat ion 

A v a r i e t y  of models were t e s t e d  using data f o r  phenol concentrat ions up t o  0.655 
i n  cyclohexane and 1.Og i n  carbon t e t r a c h l o r i d e .  
d i f f e r e n t  models a r e  shown i n  Table 11. 
f i t s  over a l imited range of concentrat ion gave negative values  f o r  one o r  more 
cons tan ts  when t e s t e d  over the more extended range. 
dimerizat ion constant and equal  stepwise a s s o c i a t i o n  cons tan ts  f o r  higher m u l t i m e r s  
gave t h e  b e s t  f i t  i n  both  solvents .  

The standard e r r o r s  f o r  t h e  
Several  of t h e  models which gave good 

The model involving a 

I n  Figure 1 t h e  f i t s  of s e v e r a l  d i f f e r e n t  models a r e  shown graphical ly .  
f i t  of the dimer-stepwise model and t h e  poor f i t  of  most of  t h e  other  models a r e  
evident .  
give good f i ts ,  and subsequent ca lcu la t ions  showed that a t r h r - h e x a m e r  model did,  
indeed, provide a good f i t .  
c a l l y  e s  t h e  dimer-stepwlse model, and It was not s tudied further. 

The good 

These curves ind ica ted  t h a t  c e r t a i n  combinations of simpler models might 

!his model does not appear t o  be a s  plausible  physi- 
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Application of t he  end group cor rec t ion  t o  the  da t a  f o r  t he  carbon t e t r ach lo r ide  
system i s  i l l u s t r a t e d  by t h e  curves i n  Figure 2. 
t he  minima i n  the  standard e r r o r  curves correspond t o  an  end group abso rp t iv i ty  
of approximately 0.3 l./mole-an. 
between 2.5 and 46" was 0.4 l./mole-cm., which i s  equivalent t o  0.11~1. 

When the  end group cor rec t ion  was applied t o  t h e  da ta  for t h e  cyclohexane system, 
t h e  standard e r r o r  of f i t  decreased a t  f o u r  temperatures but d i d  not a t  t h r e e  others.  
The maximum value f o r  en  was 0.08~1 and the  average was only 0.0361. In  view of 
these  r e s u l t s ,  we do not f e e l  t h a t  appl ica t ion  of t he  cor rec t ion  t o  the  da ta  f o r  
t h e  cyclohexane system i s  va l id .  

Thermodynamic Results.  
stepwise assoc ia t ion  a r e  shown i n  Figure 3 .  
from t he  p l o t s  a r e  summarized i n  Table 111. The l i n e s  i n  Figure 3 f o r  t h e  carbon 
t e t r a c h l o r i d e  system represent  da ta  t o  which t h e  end group co r rec t ion  was applied.  
I n  Table I11 t h e  thermodynamic constants ca lcu la ted  f o r  both t h e  o r i g i n a l  and 
t h e  corrected da ta  a r e  stown f o r  comparison. 

With t h e  da t a  taken  a t  2.5", 

The average value o f  E,, determined a t  temperatures 

P l o t s  of formation cons tan ts  E 1/T f o r  dimerization and 
The thermodynamic cons tan ts  derived 

DISCUSSION 

Coggeshall and Sa ier  ( 3 )  found that a dimerization-stepwise a s soc ia t ion  model 
adequately descr ibes  the  e f f e c t s  of se l f -assoc ia t ion  on t h e  fundamental 0-H band 
3f phenol i n  carbon t e t r a c h l o r i d e  solution. O u r  r e s u l t s  obtained i n  t h e  f i r s t  
overtone region confirm t h e  v a l i d i t y  of t h e  model and show, i n  addi t ion ,  that 
it i s  appl icable  t o  se l f - a s soc ia t ion  i n  cyclohexane so lu t ion .  

Cur values 
can be campared with values of 1.39 and 2.94 l./mole found b y  Coggeshall and Sa ier  
a t  ambient instrument tempfratwe and wi th  values of 0.70 and 0.83 l./mole reported 
by  West and coworkers (1, 2 )  for K 2  a t  25". 
kcal.  /mole i s  i n  exce l l en t  agreement wi th  t h e  value o f  -5.1 kcal./mole reported 
by Maguire and West (1). A more recent value of -3.6 reported b y  Powell and West 
(2) scems abnormally low. 
fcrmation of higher multimers, but our value of -4.32 kcal./mole agrees  we l l  wi th  
an Dverall heat sf a s soc ia t ion  of -4.35 kcal./mole reported by Mecke (4). 
wcrked with r e l a t i v e l y  high concentrations of phenol, and h i s  value i s  heavi ly  
weighted tcward t h e  stepwise heat of formation. 

sf 0.94 and 3.25 l./mole f o r  K2 and K i n  carbon t e t r a c h l o r i d e  a t  25" 

O u r  heat of dimerization of -5.05 

No d i r e c t  comparison can be  made f o r  t h e  heat of 

Mecke 

Eoth t h e  dimerization cons tan ts  and t h e  stepwise formation cons tan ts  a r e  approximately 
twice 3 s  l a rge  i n  cyclohexane so lu t ion  a s  i n  carbon t e t r a c h l o r i d e  so lu t ion .  The hea ts  
cf fcrmation i n  t h e  hydrocarbm solvent,  however, a r e  only 10 t o  20$ higher than  
those  i n  the  chlorinated solvent.  Similar r e s u l t s  have been obtained r ecen t ly  f o r  
a v a r i e t y  of hydrogen bonded complexes of phenol i n  these  two so lven t s  (5).  

\ 
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The average value o f  0.4 l./mole-cm. found f o r  t h e  end group a b s o r p t i v i t y  i n  
carbon t e t r a c h l o r i d e  solut-ion i s  approximately 0.1 a s  l a rge  as  t h e  abso rp t iv i ty  
of t h e  f r e e  0-H group'. This  r e s u l t  i nd ica t e s  ei ther that t h e  0-H end groups 
i n t e r f e r e  only  s l i g h t l y  a t  the frequency where t h e  monomer band occurs o r  that 
t h e  concentration of end groups is much lower than one would expect on t h e  
b a s i s  of a l i n e a r  a s s o c i a t i o n  model. A low concentration of end groups could 
r e s u l t  f m m  t h e  formation o f  c y c l i c  multimers or  three dimensional aggregates. 
Most workers i n  t h i s  f i e l d  have assumed that end group absorption i s  negl ig ib le  
but have recognized t h a t  the assumption might introduce major errors i n  t h e  
ca lcu la ted  formation cons tan ts .  The present r e s u l t s  show that t h e  assumption 
i s  reasonably va l id ,  a t  l e a s t  i n  t h e  f irst  overtone region. b t a  r ecen t ly  
presented b y  Bellamy and Pace (6) ind ica t e  that t h e  end group abso rp t iv i ty  may 
be  a s  l a rge  as 0.3~1 i n  t h e  fundamental region. 

The ques t ion  of  whether a l c o h o l s  and phenols form l i n e a r  or cyc l i c  dimers, or 
both,  has been discussed widely. Considerable evidence favoring t h e  predominance 
of c y c l i c  dimers has been presented, b u t  r ecen t  work by Bellamy and Pace (6), 
Ibb i t son  and Moore ( 7 ) ,  and Malecki (8) emphasizes t h e  importance o f  l i n e a r  
dimers. Our thermodynamic r e s u l t s  i nd ica t e  t h a t  a s i g n i f i c a n t  f r a c t i o n  of t h e  
phenol dimer i s  i n  t h e  l i n e a r  form. 

The apparent dimerization cons tan t  and heat of formation of t h e  dimer a r e  r e l a t e d  
' t o  the indiv idua l  va lues  f o r  the l i n e a r  and c y c l i c  forms as  follows ( 9 ) :  

where t h e  subsc r ip t s  A, L, and C represent  apparent,  l i n e a r ,  and cyc l ic .  If we 
assume that the heat o f  formation o f  the l i n e a r  dimer i s  equal t o  t h e  stepwise 
hea t  of formation of h igher  multimers, we can ca l cu la t e  va lues  of AI+, &c, and 
A'~L for various assumed r a t i o s  o f  KL and KC (Table IV).  Making t h e  reasonable 
assumption that LSc i s  l a r g e r  t han  &L but somewhat less than  twice a s  la rge ,  
w e  conclude that t h e  ratio of KL t o  Kc i s  a t  l e a s t  0.5 and poss ib ly  g rea t e r  than 
unity.  
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TABLE I 

TEST OF METHOD FOR END GROUP CORRECTION (SYNTHETIC DATA) 

Calculated 
Theore t ica l  Uncorrected Corrected 

D i m e r  
Trimer 
Tetramer 
Pentamer 
He xame r 
Dimer-Trimer 
D i m e r  -Tetramer 
Dimer + Tetramer 
Dimer + Pentamer 
Dimer + Octamer 
Dimer - St epw i se 

0 1.22 (0.24~1)  
3-17 2.92 
7.05 9.45 
0.0069 0.0001 

TABU I1 

TEST OF MODELS FOR SELF-ASSOCIATION OF PHENOL 

Standard Error  
Cyc lohe =nea ccl,b 

a Phenol concentrations up t o  0.65g a t  22.2O. 

Phencl concentrations up t o  1.0g a t  20.7". 

Negative values fo r  one or more constants.  
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TABLE 111 

THERMODYNAMIC CONSI!ANTS FOR SELF-ASSOCIATION OF PHENOL 

Thermodynamic Constant Dimer Formation H1a;her Multlmer Format i o n  

Cyclohexane Solu t ion  

KzS0, 1. /mole 
AF', kcal .  /mole 
AH, kcal .  /mole 
AS, ca l .  /mole-degree 

2.10 
- 0.44 
- 5.63m.21 
-17.4 

CC14 Solu t ion  (With End Group Correct ion)  

, 1. /mole 
aF, kcal .  /mole 
AH, kcal./mole 
AS, cal./mole-degree 

0.94 
0.04 

- 5.03Xl.27 
-17.0 

C C 4  Solu t ion  (Without End Group Correct ion)  

KzS0, 1. /mole 
AF', kca l .  /mole 
AH, kcal .  /mole 
AS, cal. /mole-degree 

1.09 - 0.05 
- 6.08m.21 
-20.2 

TABLE IV 

6.68 
- 1.15 
- 5 . 2 2 ~ ~ 1 3  
-13.7 

3-25 
- 0.70 
- 4.32S.28 
-12.2 

2.74 
- 0.60 
- 4.07+0.06 
-11.7 

THERMODYNAMIC CALCULATIONS FOR PHENOL DIMEBIZATION 

b 
Assumed C C l a a  Cyclohexane 

K L I k  - -% - -Bc - -A% - -4 3 - -as, 
0 5.03 17.0 4 5.63 17.4 00 

0.5 5.40 19.0 17.0 5.85 18.9 17.9 
0.1 5.10 17.4 19.3 5.73 17-9 20.9 

1.0 5.74 20.8 16.0 6.05 20.2 17.4 
2.0 6.44 24.0 15.4 6.48 22.4 16.9 

a ML = -4.32 kcal./mole 

ABL -5.22 kcal./mole 

k 
\ 
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0 Experimental data 

/ .  0 Experimental data 

~ 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 o.oo 
PHENOL, M 

Figure 1. F i t  of Experimental h t a  t o  Various Self-Association Models 
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i 0.3 

, 

1.0 2 .o 3.0 4.0 5.0 6.0 7 .O 
ASSOCIATION CONSTANT.  I/m 

Figure 2. Correction f o r  End Group Absorpt ivi ty  (CC14 Solu t ions  a t  2.5") 

0.4 I I I I 1 ' 1  I I I 
2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 

Bnthslples for Dim?rizatlon and Stepwise Association. 

I/T x 103 

Figure 3. 



I n f r a r e d  In te r fe rometry  - Emission @&ra i n  t h e  Sodium Chloride Region 
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In t roduc t ion  

Spawned p r imar i ly  by t h e  space  indus t ry ,  
is a r e l a t i v e l y  new technique t o  the  p r a c t i c i n g  spec t roscop i s t .  
d i f f e r s  from spectrophotometry i n  t w o  major areas. 
r a d i a t i o n  is not d i spersed  i n t o  monochromatic f requencies  bu t  r a t h e r  t h e  r a d i a t i o n  
is modulated by means of a v i b r a t i n g  mir ror .  
a n  in te r fe rogram t h a t  i n  i t s e l f  does not  g ive  very  much information. However i f  
the in te r fe rogram is f e d  i n t o  a wave ana lyzer ,  s p e c t r a l  information can b e  ex t rac ted .  
Another d i f f e rence  between spectrophotometry and in te r fe rometry  is i n  t h e  phys ica l  
form of t h e  en t rance  ape r tu re .  
narrow slits, j u s t  a few t en ths  of a m i l l i m e t e r  wide. I n  an i n t e r f e romete r  t he  
energy e n t e r s  through a window over a n  inch  i n  diameter.  Consequently, t he  amount 
of energy ava i l ab le  t o  t h e  d e t e c t o r  of an in t e r f e romete r  i s  o rde r s  of magnitude 
g r e a t e r  than t h a t  a v a i l a b l e  t o  t h e  d e t e c t o r  of a spectrophotometer.  

i n f r a r e d  in te r fe rometry  

F i r s t ,  i n  in te r fe rometry  t h e  
In te r fe rometry  

The modulation process r e s u l t s  i n  

I n  a spectrophotometer t h e  energy e n t e r s  through 

These d i f f e r e n c e s  g ive  rise t o  t h e  main advantage of an  in t e r f e romete r ,  
s e n s i t i v i t y .  A secondary advantage is scanning speed. A comple te  in te r fe rogram 
can be recorded i n  a l i t t l e  over a t e n t h  of a second although more t y p i c a l  scanning 
speeds are i n  the  o rde r  of second. 

These c h a r a c t e r i s t i c s  make the  in t e r f e romete r  f i r s t  choice  f o r  anyone 
i n t e r e s t e d  i n  i n f r a r e d  emission.(2) 
spectroscopy are t h a t  samples can be scanned " in  s i t u "  wi th  no need of d i s tu rb ing  
t h e  sample. This a b i l i t y  could save  cons iderable  sample handling i n  a process-control 
type of ana lys i s  o r  make a n a l y s i s  of hazardous materials more f e a s i b l e .  In f r a red  
emission spectroscopy is completely non-destructive t o  the  sample and could be  used 
i n  t h e  ana lys i s  of such th ings  as va luab le  o i l  pa in t ings .  In te r fe rometry  can a l s o  
be used t o  analyze samples too  b i g  f o r  convent iona l  spectrophotometers;  f o r  example, 
our atmosphere i n  a i r  p o l l u t i o n  s t u d i e s .  And i t  can be  used t o  ana lyze  samples too 
smal l ;  f o r  example, p e s t i c i d e  r e s idue  on p l a n t  growth. 

Some of t h e  p o s s i b i l i t i e s  of  i n f r a r e d  emission 

Experiment a1 

The h e a r t  of t h e  in t e r f e romete r  is t h e  o p t i c a l  head. The head is f a i r l y  
sma l l ,  about 3 x 6 x 7 inches  and is r e a d i l y  po r t ab le .  The head is  connected t o  
the  c o n t r o l  panel by a ten-foot cable .  The a p e r t u r e  is 1-1/4 inches  i n  diameter 
and has a f i e l d  of v i e w  of e igh teen  degrees .  No s p e c i a l  o p t i c s  are requi red  t o  ge t  
t he  sample's r a d i a t i o n  t o  e n t e r  t h e  o p t i c a l  head; you simply po in t  t h e  a p e r t u r e  a t  
t h e  sample. Unwanted r a d i a t i o n  from material i n  t h e  f i e l d  of view can be masked 
ou t  wi th  aluminum f o i l .  The f o i l  be ing  very r e f l e c t i v e  has e s s e n t i a l l y  zero 
emis s iv i ty  . 

The head is  a l s o  r e a d i l y  adapted t o  a mirror-type te lescope  making it 
p o s s i b l e  t o  analyze samples a t  a remote d i s t ance .  
analyzed from stacks up t o  one-half m i l e  away.(3) 

Smoke has been r epor t ed ly  

Figure 1 i s  a diagram of t h e  o p t i c a l  head. The in t e r f e romete r  is of t he  
Radia t ion  i n c i d e n t  on t h e  window passes  i n t o  t h e  o p t i c a l  head and Michelson type. 

s t r i k e s  the  beam d iv ide r .  Here t h e  r a d i a t i o n  is s p l i t  i n t o  two beams; one beam 
t r a v e l i n g  t o  a s t a t i o n a r y  mi r ro r  and r e tu rn ing  and the  o t h e r  beam t r a v e l i n g  t o  a 
v i b r a t i n g  mirror and r e tu rn ing .  
and are r e f l e c t e d  t o  t h e  d e t e c t o r ,  a t h e m i s t e r  bolometer. Some energy i s  l o s t  exit- 
ing  out  through the  en t r ance  ape r tu re .  

Upon reaching  the  beam d iv ide r ,  t h e  two beams u n i t e  
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The Pos i t i on  of t h e  v i b r a t i n g  mir ror  when both  beams have t h e  same 
path  length  is c a l l e d  t h e  ze ro  pos i t i on .  

a t  t h e  d e t e c t o r  in-phase g iv ing  a maximum s i g n a l .  
i n  e i t h e r  d i r e c t i o n  from i t s  ze ro  p o s i t i o n  t h e  r e l a t i v e  p a t h  lengths  of t h e  two beams w i l l  

Consider f o r  the  moment t h a t  t h e  incoming 
r a d i a t i o n  is monochromatic. A t  t h e  mi r ro r ' s  zero p o s i t i o n ,  a l l  waves w i l l  a r r i v e  i 

A s  t h e  mi r ro r  moves i n f i n i t e s i m a l l y  

change and a l l  the  waves w i l l  n o t  a r r i v e  a t  t h e  d e t e c t o r  in-phase. Des t ruc t ive  
c a n c e l l a t i o n  w i l l  r e s u l t  and t h e  d e t e c t o r ' s  ou tput  w i l l  be diminished. 
mi r ro r  has  moved 1 / 4  wavelength away from the  zero  p o s i t i o n  the  t o t a l  pa th  d i f f e rence  
w i l l  be 112 wavelength, and complete cance l l a t ion  of t he  beam w i l l  r e s u l t  giving a 
minimum output  from t h e  d e t e c t o r .  A s  t h e  mir ror  cont inues  t o  move away, the  s i g n a l  
w i l l  start t o  inc rease  u n t i l  a t  mir ror  p o s i t i o n  1 / 2  wavelength away from zero 
p o s i t i o n ,  t h e  r e t a r d a t i o n  w i l l  b e  one f u l l  wavelength and a l l  waves w i l l  be in-phase 
aga in .  The de tec to r  ou tput  a t  t h i s  po in t  w i l l  be a maximum equal t o  the  f i r s t  
maximum. A s  t h e  mir ror  cont inues  t o  travel maxima a r e  reached every even qua r t e r  
wavelength from t h e  zero p o s i t i o n  and minima a r e  reached every odd q u a r t e r  wavelength. 
The continuous output then i s  a s i n e  wave. The frequency of t h i s  s i n e  wave is  
r e l a t e d  t o  the  monochromatic i npu t  r a d i a t i o n  by t h e  equat ion:  

When the  

f = L/T x 1 / A  

Where L is the  l eng th  of the  mi r ro r ' s  r e p e t i t i v e  t r a v e l  i n  microns and T 
is t h e  time i n  seconds. Lambda is  i n  microns. For most of our work L is 500 microns 
and T is one second. Thus, 2 micron r a d i a t i o n  would g ive  r i s e  t o  a 250 cyc le s / sec  
audio  s i n e  wave. 
wave. Hence, a l l  t he  f r equenc ie s  i n  the  in te r fe rogram of r a d i a t i o n  between 2 t o  16 
microns can be found i n  t h e  audio  range below 250 cyc le s / sec .  The length  of the 
m i r r o r ' s  pa th  a l s o  determines the re so lu t ion  of t h e  in t e r f e romete r .  Th longer the  
pa th  length  the  b e t t e r  t h e  r e s o l u t i o n .  
r e c i p r o c a l  of t h e  pa th  l eng th .  

A wavelength o f  16  microns would r e s u l t  i n  a 31 cyc le s / sec  s i n e  

Our normal r e s o l u t i o n  i s  20 cm-', the  

Figure 2 shows t h e  sawtooth na tu re  of t h e  m i r r o r ' s  t r a v e l  and t h e  r e su l t i ng  
in te r fe rograms.  Note t h a t  t h e  r e t u r n  t i m e  f o r  t h e  mir ror  i s  very s h o r t  and t h a t  the 
mi r ro r ' s  t r a v e l  is very  l i n e a r .  
l i g h t .  

The in te r fe rograms shown are not  of monochromatic 

To v i s u a l i z e  what happens when polychromatic r a d i a t i o n  e n t e r s  t h e  i n t e r -  
fe rometer  is a l i t t l e  more d i f f i c u l t .  A t  t he  m i r r o r ' s  ze ro  p o s i t i o n ,  a l l  t he  f r e -  
quencies w i l l  still  be in-phase and a maximum output  of t h e  d e t e c t o r  w i l l  be obtained. 
However, as the  mir ror  moves away from t h e  ze ro  p o s i t i o n  d e s t r u c t i v e  c a n c e l l a t i o n  
occurs  diminishing the output  b u t  no t  i n  the  r e g u l a r  f a sh ion  of a s i n e  wave. The 
r e s u l t  is a very sharp peak a t  t h e  m i r r o r ' s  ze ro  p o s i t i o n  wi th  h igh ly  damped s i d e  
bands. 

One of t he  major drawbacks t o  in t e r f e romet ry  i s  t h a t  i t  i s  impossible t o  
recognize  a spectrwn from t h e  in te r fe rogram;  t h e  in te r fe rogram must be f i l t e r e d  t o  
o b t a i n  t h e  spectrum. The f i l t e r i n g  may be  done i n  several w a y s .  The in te r fe rogram 
can be  f e d  r e p e t i t i v e l y  i n t o  a v a r i a b l e  f i l t e r  o r  wave ana lyze r .  The wave ana lyzer  
is set  f o r  t h e  f i r s t  audio  frequency and a s i g n a l  is recorded t h a t  is p ropor t iona l  
t o  t h e  amount of t h a t  frequency p resen t  i n  the  in te r fe rogram.  The wave ana lyzer  is 
au tomat i ca l ly  advanced t o  t h e  nex t  audio frequency and its s i g n a l  recorded. A s  t h i s  
process  is continued t h e  spectrum is recorded. 

A l t e rna t ive ly  t h e  in te r fe rogram may be  mathematically f i l t e r e d  by means 
of t h e  Four i e r  t ransformat ion .  The equation f o r  t h i s  t ransformat ion  is: 

' G(")= /I:, cos2vnxdx 
0 

, 
r 

c 
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where G(") is  t h e  i n t e n s i t y  of  t h e  spectrum 

I ( x )  is  t h e  i n t e n s i t y  of  t h e  in te r fe rogram 

v i s  t h e  frequency i n  wave numbers 

x is t h e  pa th  d i f f e r e n c e  i n  an 

A r a t h e r  novel way of f i l t e r i n g  the in te r fe rogram is t o  t r a n s f e r  the d a t a  
t o  a photographic f i l m  and p l a c e  i t  i n  a laser beam. 
o p t i c a l l y  perform t h e  Four ie r  t ransformat ion  and t h e  image recorded on another  p iece  
of f i lm.  

Resul t s  

Lenses can then b e  used t o  

Figures 3a and 3b show a comparison between an absorp t ion  spectrum as 
recorded by a spectrophotometer  and an emission spectrum der ived  from an interferogram. 
The s p e c t r a  are very s i m i l a r  b u t  no t  i d e n t i c a l .  
r e s o l u t i o n  and relative i n t e n s i t i e s .  

The d i f f e r e n c e s  are pr imar i ly  i n  

The e f f e c t  of temperature  on t h e  emission spectrum of beta-hydroxyethyl 
a c e t a t e  is  shown i n  Figure 4. The spectrum is of course  more i n t e n s e  a t  t h e  higher  
temperature b u t  o therwise  they are very s imi la r .  The carbonyl  band near  1700 an-' 
is  r e l a t i v e l y  more i n t e n s e  i n  t h e  h o t t e r  spectrum and th i s  is  c o n s i s t e n t  w i t h  t h e  
Boltzmann d i s t r i b u t i o n  g iv ing  t h e  h igher  energy levels a g r e a t e r  populat ion i n  the  
h o t t e r  sample. 
aluminum f o i l  and then allowed t o  d r a i n .  The t h i n  f i l m  t h a t  remained on t h e  f o i l  
w a s  s u f f i c i e n t  t o  g i v e  t h e  observed r e s u l t s .  The f o i l  was  hea ted  by conduction. 

To o b t a i n  t h e s e  s p e c t r a ,  t h e  acetate w a s  poured onto  a p i e c e  of 

One of t h e  major problems of i n f r a r e d  emission spectroscopy is shown i n  
Figure 5. The s u b j e c t  is t h e  emission spectrum of "Saran". The bottom spectrum 
is  of one s i n g l e  l a y e r  of "Saran" and shows good band s t r u c t u r e .  
four  l a y e r s  of "Saran" a l l  of t h e  band s t r u c t u r e  between 800 and 1500 cm-I  completely 
disappeared and w e  have recorded e s s e n t i a l l y  t h e  spectrum of a b l a c k  body. 
phenomenon is a t t r i b u t e d  t o  se l f -absorp t ion .  

However, w i t h  

This  

Interferograms of samples which have a temperature  w i t h i n  a few degrees  

, t o  o b t a i n  a s a t i s f a c t o r y  spectrum.(') 

of the  d e t e c t o r ' s  temperature  are very  noisy because of t h e  l o w  s i g n a l  l e v e l .  I n  
\ these  cases, it is necessary t o  t i m  average o r  co-add several hundred in te r fe rograms 

Conclusion 

An i n f r a r e d  i n t e r f e r o m e t e r  covering t h e  reg ion  2-16 microns i s  seen  as a 
p o t e n t i a l  t o o l  f o r  t h e  p r a c t i c a l  s p e c t r o s c o p i s t .  
a p p l i c a b i l i t y  of t h e  more convent iona l  i n f r a r e d  techniques b u t  i t s  unique c h a r a c t e r i s t i c s  
of high s e n s i t i v i t y ,  r a p i d  scanning,  and p o r t a b i l i t y  w i l l  c e r t a i n l y  b e  used t o  so lve  
s p e c i f i c  problems t h a t  would b e  otherwise d i f f i c u l t  i f  n o t  impossible  t o  solve. 

It does not  have t h e  u n i v e r s a l  

L. C.  Block and A. S. Zachor, Appl. Optics  2, 209 (1964). 

M. J .  D. Low and I. Coleman, Spectrochimica Acta 22, 369 (1966). 

( 3 )  Chemical and Engineering N e w s  45, No. 7, 54 (1967). 
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INFRARED CHEMICAL ANALYSIS: ,A NEW APPROACH 

Mark M. Rochkind 

B e l l  Telephone Lsborator ies ,  Incorporated 
Murray H i l i ,  New J e r s e y  07971 

Ut i l i z ing  an unusual low temperature sampling technique, a 
new approach t o  i n f r a r e d  chemical a n a l y s i s  which e x h i b i t s  
micromole s e n s i t i v i t i e s  has been devel3ped. The p r i n c i p a l  
a t t r i b u t e  of t h i s  new approach i s  t h a t  it o f f e r s  a very  
general  method f o r  gas mixture ana lys i s ;  a method which 
r equ i r e s  no previous knowledge of mixture composition and 
which e n t a i l s  no p r e a n a l y t i c a l  s epa ra t ion  of c l a s s e s  of 
components. Mixtures con ta in ing  alkanes,  a lkenes,  aldehydes, 
ketones, e the r s ,  i no rgan ic s  and aromatics may be a t  l e a s t  
q u a l i t a t i v e l y  analyzed by a s i n g l e  s t e p  spectrophotometric 
procedure. Because t h i s  new approach t o  i n f r a r e d  a n a l y s i s  
o f f e r s  a very  g e n e r a l  method f o r  determining the  components 
of gas mixtures, it should f i n d  a p p l i c a t i o n  i n  the  f u e l  
industry as a t o o l  f o r  k i n e t i c  and mechanistic s t u d i e s  of 
chemical combustion and as an  a i d  i n  the s tudy of combustion 
intermediates .  This a r e a  of r e sea rch  i s  t ak ing  on inc reas ing  
immediacy a s  we become more s e n s i t i v e  t o  t h e  eco log ica l  menace 
posed by air p o l l u t i o n .  

Sample p repa ra t ion  c o n s i s t s  of d i l u t i n g  t h e  gas a i x t u r e  t o  
be analyzed with a l a r g e  excess (usua l ly  a t  l e a s t  100 f o l d )  of 
ni t rogen followed by condensation of the d i l u t e d  gas  mixture 
i n  pulsed fashion onto an i n f r a r e d  t r a n s m i t t i n g  windod previ-  
ously cooled t o  20°K. Using semiautomsted procedures,  sample 
preparat ion and depos i t i on  may be completed i n  less than one 
minute. A standard double beam spectrophotometer i s  used f o r  
recording the s p e c t r a l  d a t a  although enhanced a n a l y t i c a l  
s e n s i t i v i t y  .may be obtained with modified instruments .  The 
time required f o r  record ing  a s u i t a b l e  spectrum v a r i e s  wi th  
the problem i n  hand. Exhaustive a n a l y s i s  of an unknown mixture 
would, of course, r e q u i r ?  more time than would a search f o r  
some spec i f i ed  s e t  o f  mixture components. 

I n  the May i s sue  of Analytical  Chemistrx, t h i s  technique of 
low temperature i n f r a r e d  matrix d i s p e r s i o n  a n a l y s i s  i s  described 
and a p p l i c a t i o n  of t h e  technique t o  the a n a l y s i s  of a s e r i e s  
of t h i r t e e n  simple hydrocarbons i s  reported (Rochkind, M. M. 
(1967)). Since t h a t  wr i t i ng ,  an a d d i t i o n a l  f i f t y  gases  and 
v o l a t i l e  l i q u i d s  have been examined (see,  Table I ) ,  and we 
a r e  now i n  a p o s i t i o n  t o  make conc re t e  remarks regard ing  t h e  
a n a l y t i c a l  p o t e n t i a l  of t h i s  technique as it i s  appl ied t o  , a broad range of chemical compounds. This w i l l  be done a t  
the Symposium. I n  a d d i t i o n  t o  d i scuss ing  a c t u a l  performance 
of t h i s  technique as an a n a l y t i c a l  t oo l ,  t h e  equipment r equ i r e -  
merits w i l l  be ou t l ined  end sone a t t e n t i o n  w i l l  be paid t o  the 
adapts t ion of z u t o m t e d  methods wi th  regard t o  sample p repa ra t ion  
and sample deposi t ion.  
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Table I. Gases and V o l a t i l e  Liquids f o r  which Standard 
Spec t r a  Have Been Recorded i 

I 

ALKENES I 

Allene 
Butadiene 
1-Butene 
c is-Butene 
t r a n s  - Butene 
2,3-Dimethyl-2-Butene 
Ethylene 
3-Ethyl-1-Pentene 
3-Ethyl-2-Pentene 
Isobutylene 
3-Methyl-1-Butene 
2-Me thyl-2-But ene 
2 -Methyl- 1.- Pent ene 
4-Meth 1 1-Ptntene 
t r a n s  -8- Me thy l-2 - Pent  ene 
1-Oc tene  
1- Pentene 
Prop lene  
2,4, $ -Trimethyl-1-Pentene 

ALKYNES 

Acetylene 
.Ethyl Acetylene 
he thy1 Acetylene 

ALDEHYDES 

Ac e t  a l d  ehyd e 
. Prop i ona I d  e hy d e 

ETHERS 

n-Butyl Ethyl  Ether  
t e r t -Bu ty l  E thy l  E the r  
Dimethyl Ether  
Ethyl  Ether 
n-Propyl Ether  
Vinyl Ethyl  Ether  

AROMATICS 

Benzene 

1 ALKANES 

Butane 
Cyclopropane 
2,4 - Dime t ny 1 pent  an e 
Dimethyl Propane 
Ethane 
Heptane 
Hexane 
Isobutane 
I s  open t a ne 
Methane 
Octane 
Pentane 
Propane 
2,2,5-Trimethylhexane 
2,4,4-Trimethylpentane 

KETONES 

Die thyl  Ketone 
Dimethyl Ketone 
Dipropyl Ketone 
Ethyl  Butyl  Ketone 
Ethyl  Propyl Ketone 
Methyl Butyl  Ketone 
Methyl E thy l  Ketone 
Methyl I sobu ty l  Ketone 
Methyl Penty l  Ketone 
Methyl Propyl Ketone 

INORGANICS 

Amnonia 
Carbon Monoxide 
Carbonyl S u l f i d e  
Hydrogen S u l f i d e  
Su l fu r  Dioxide 
Water 

1 
d 

// 

/ 
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Differen t  l e v e l s  of s o p h i s t i c a t i o n  may be pursued i n  connec- ' 

t i o n  wi th  a n a l y s i s  of t h e  raw s p e c t r a l  d a t a .  
from hand ana lys i s ,  using s p e c i a l l y  prepared t a b l e s ,  t o  
s t r i c t l y  computer con t ro l l ed  ana lyses  where t h e  raw s p e c t r a l  
d a t a  a r e  d i g i t i z e d ,  t ransmi t ted  over  te lephone l i n e s  t o  some 
c e n t r a l l y  loca ted  computer f a c i l i t y  and analyzed wi th in  t h e  
Computer. An in te rmedia te  l e v e l  of  s o p h i s t i c a t i o n ,  one 
manifest ly  p r a c t i c a l ,  involves  t r a n s m i t t i n g  v i a  t e l e t y p e  a 
l i s t  o f  f requencies  and approximate r e l a t i v e  i n t e n s i t i e s  t o  
a c e n t r a l  computer a t  sone remote l o c a t i o n  wi th in  which 
ana lys i s  of  t he  r e l e v a n t  d a t a  i s  performed. While t h e  l a t t e r  
approach obvia tes  d i g i t i z a t i o n  of t he  r a w  spec t r a ,  i t  poses 
the  requirement t h a t  competent personnel  must be p re sen t  a t  
the s i t e  of t he  experiment to  reduce t h e  s p e c t r a l  graphs t o  
a l i s t  of meaningful f requencies  and r e l a t i v e  i n t e n s i t i e s .  
This l e v e l  of  soph i s t i ca t ion ,  though l e s s  e f f i c i e n t  on an 
absolute  s c a l e  than a s t r i c t l y  conputer  con t ro l l ed  ana lys i s ,  
i s  very much e a s i e r  t o  e f f e c t  and sugges ts  'some e x c i t i n g  
p o s s i b i l i t i e s  which u t i l i z e  t h e  time shar ing  c a p a b i l i t i e s  
of new genera t ion  computers. The paper  t o  be presented w i l l  
d i scuss  t h i s  d a t a  handl ing problem i n  d e t a i l  from the  po in t s  
of view of communications, equipment requirements ,  c o s t  ana lys i s  
and ef fec t iveness .  Computer con t ro l l ed  microf i lm f a c i l i t i e s  
f o r  s t o r i n g  s p e c t r a l  d a t a  - where i n t e l l i g i b l e  d a t a  need t o  be 
retained i n  an a v a i l a b l e  s t a t e  - w i l l  be discussed a s  wel l .  

These range 

A s  pointed o u t  i n  t he  May iss'ue of  Environmental Science and 
-- Technologx, t h i s  method of  i n f r a r e d  chemical a n a l y s i s  i s  

1 s t r i k i n g l y  computer or ien ted  (Rochkind, M. M. (1967)). This 
'\ i s  so  because t h e  sampling technique r e s u l t s  i n  narrow bands 
\ (2-6 c m - 1  bandwidths) which occur  a t  we l l  d i s t r i b u t e d  frequen- 

c i e s ,  reproducibly from sample t o  d i s t i n c t  sample. It thus 
i s  poss ib l e  t o  completely c h a r a c t e r i z e  a chemical spec ies  by 
a sho r t  l i s t  of f requencies  (and, perhaps,  r e l a t i v e  i n t e n s i t i e s ) ,  
each accu ra t e  t o  1-2 cm-l. This  g r e a t l y  s i m p l i f i e s  t he  data \\ 

9 handling and the data  s t o r i n g  problems. 

\ 
! 
I 

It appears as though s o l i d s  may a l s o  be suscep t ib l e  t o  t h e  
kind of  mat r ix  d i spe r s ion  a n a l y s i s  descr ibed above f o r  gases .  
A proposal  f o r  prepar ing  samples from s o l i d  m a t e r i a l  which 
employs pulsed l a s e r s  and molecular beams w i l l  be considered 
and some poss ib l e  a t t endan t  problems w i l l  be d iscussed .  
Rela t ive ly  nonvo la t i l e  l i q u i d s  ( i . e . ,  those  having vapor p re s su res  
of l e s s  than  1 t o r r  a t  room tempera tures)  p re sen t  y e t  more d i f f i -  
c u l t  problems, b u t  even these  may be surmounted i f  need be. 

In  summary, it a p p i a r s  as though lo-t~ temperature matr ix  d i s -  
pers ion - a technique whereby gaseous m a t e r i a l s  a r e  s u f f i c i e n t l y  
dispersed (not i s o l a t e d )  t h a t  i n  the  s o l i d  s ta te  they e x i s t  i n  . 
a quesi-homogeneous environment wi th in  which molecular i n t e r -  
ac t ions  are minimized - provides  a p r a c t i c a l  technique f o r  

I 

I 
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sample p reps ra t ion . and  permi ts  a new approach t o  i n f r a r e d  
chemical a n a l y s i s .  
p r e c i s e l y  t h e  q u a n t i t a t i v e  c a p a b i l i t i e s  of t he  method. 
Progress i n  t h i s  area w i l l  be b r i e f l y  reported.  

Work I s  c u r r e n t l y  underway t o  de f ine  
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THE ANALYSIS OF COAL WITH THE LASER-MASS SPECIXOEETER 

F. J. Vastola ,  A. J. Pirone ,  P. H.,Given, and R. R. Dutcher 
College of  E a r t h  and Mineral  Sc iences  

Pennsylvania S t a t e  Univers i ty ,  Univers i ty  Park, Pa: 

INTRODUCTION 

The laser-mass spectrometer  h a s  been used t o  pyro lyse  pe t rographic  c o n s t i t u e n t s  of 
coa l  and record the  mass spectrum o f  t h e  p y r o l y s i s  products  thus produced. The laser-mass 
spectrometer  has  been descr ibed i n  d e t a i l  elsewhere ( 1 , 2 ) .  E s s e n t i a l l y  it c o n s i s t s  o f  a 
small pulsed ruby l a s e r  (max. ou tput  energy 0.1 j o u l e )  whose output  can be focused on the 
sur face  of a coa l  t a r g e t  loca ted  i n  t h e  i o n i z a t i o n  chamber of a t i m e - o f - f l i g h t  mass s p e c t r o -  
meter .  A modified microscope o p t i c a l  system is used t o  focus the l a s e r ;  i r r a d i a t e d  
t a r g e t s  can be a s  small a s  10 microns i n  d iameter .  Since t h e  t a r g e t  t o  be i r r a d i a t e d  can 
be viewed through the  same microscope system, s e l e c t e d  a r e a s  of t h e  c o a l  sample can be 
pyrolysed.  With the 10 micron diameter  l i m i t  of t h e  i r r a d i a t i o n  zone d i f f e r e n t  p e t r o -  
graphic  c o n s t i t u e n t s  of a c o a l  sample can be pyrolysed i n - s i t u  and t h e i r  mass s p e c t r a  
recorded.  These s p e c t r a  can be used t o  s tudy  t h e  chemical composition and s t r u c t u r e  of 
coa l  o r  even more simply can be used a s  " f i n g e r p r i n t s "  to  d i f f e r e n t i a t e  between the  
var ious  heterogeneous c o n s t i t u e n t s  o f  c o a l .  

LASER HEATING 1) 

3 The energy from the  l a s e r  t h a t  i r r a d i a t e s  t h e  c o a l  sample i s  n o t  g r e a t  ( 4 . 0 1  c a l . ) .  
However, s ince  the  energy i s  d e l i v e r e d  i n  a s h o r t  p u l s e  and t h e  h igh  coherency of t h e  
l a s e r  l i g h t  enables  it t o  be focused on a sma l l  a r e a ,  f l u x  d e n s i t i e s  of  lo6 cal . /sec. /cm.2 
can be e s t a b l i s h e d  a t  the coa l  s u r f a c e .  These h igh  f l u x  d e n s i t i e s  r e s u l t  i n  extremely 

'\ 
\ 

{ rap id  h e a t i n g  r a t e s .  
\\ 

It i s  d i f f i c u l t  t o  a s s i g n  a temperature  t o  a l a s e r  p y r o l y s i s .  I f  one assumes t h a t  
/ only t h e  m a t e r i a l  vaporized was heated es t imated  temperatures  would be about 50,OOO"C. 

This  va lue  would be decreased cons iderably  i f  the  h e a t  o f  decomposition of t h e  coa l  was 
taken i n t o  account. Another f a c t o r  even more d i f f i c u l t  t o  eva lua te  is  t h e  s h i e l d i n g  of 
the  coa l  sur face  from t h e  l a s e r  r a d i a t i o n  by t h e  plume of decomposition products .  The 
presence o f  high molecular weight products  i n  t h e  mass spectrum would s e e m  t o  i n d i c a t e  
t h a t  the  b u l k  of the pyrolysed c o a l  d id  not  reach temperature much above 1000°C. 
high f l u x  output  of t h e  l a s e r  e s t a b l i s h e s  l a r g e  temperature  g r a d i e n t s  i n  the  heated s o l i d  
but the  s h o r t  pulse  length  r e s t r i c t s  p y r o l y s i s  t o  t h a t  m a t e r i a l  i n  t h e  immediate v i c i n i t y  
of  the  i r r a d i a t e d  zone. This  i s  demonstrated by t h e  f a c t  t h a t  a second l a s e r  h e a t i n g  o f  
a t a r g e t  produces a mass spectrum c h a r a c t e r i s t i c  of  a c h a r  r a t h e r  than  t h e  o r i g i n a l  
m a t e r i a l ,  however i f  the  l a s e r  i s  f i r e d  a t  an  a r e a  100 microns removed from a pyrolysed 
c r a t e r  t h e  r e s u l t i n g  spectrum i s  t h e  same as an unheated c o a l .  

The 

I 

, 

OBTAINING THE SPECTRA 

The pulse  length of t h e  l a s e r  depends upon t h e  pumping energy,  under t h e  condi t ions  
, used i n  t h i s  i n v e s t i g a t i o n  a t y p i c a l  p u l s e  length  would be about 300 microseconds. Most 

How- of  the  p y r o l y s i s  of t h e  c o a l  sample w i l l  t a k e  p lace  d u r i n g  t h e  a c t u a l  l a s e r  b u r s t .  
e v e r ,  p y r o l y s i s  products  a r e  s t i l l  being evolved s e v e r a l  mi l l i seconds  a f t e r  t h e  l a s e r  
b u r s t  due t o  the  f i n i t e  cool ing  time of  t h e  c o a l .  i' The TOF mass spectrometer  i s  capable  

I 
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of  making mass a n a l y s i s  o f  t h e  s p e c i e s  i n  the  i o n i z a t i o n  chamber a t  50 to 100 microsecond 
i n t e r v a l s  enab l ing  s e v e r a l  s p e c t r a  t o  be recorded du r ing  t h e  p y r o l y s i s .  

The i n t e n s i t y  o f  t he  masses recorded dec reases  exponen t i a l ly  with time. The r a t e  of 
decay i s  no t  t he  same f o r  a l l  masses.  I n  gene ra l  t h e  h ighe r  masses have t h e  longer  time 
c o n s t a n t .  The d i s t r i b u t i o n  o f  decay r a t e s  cannot be accounted f o r  by t h e  e f f e c t  o f  mass 
on pumping speed of t h e  mass spectrometer  vacuum system. A more l i k e l y  exp lana t ion  of t he  
v a r i a t i o n  i n  decay r a t e s  o f  t h e  d i f f e r e n t  s p e c i e s  i s  t h a t  the  p y r o l y s i s  product d i s t r i -  
bu t ion  changes a s  the  temperature  of the coa l  dec reases .  For t h i s  i n v e s t i g a t i o n  a s ing le  
spectrum was recorded r e p r e s e n t i n g  t h e  composition one mi l l i s econd  a f t e r  t h e  s t a r t  of the  
l a s e r  b u r s t .  

THE SPECTRA 

Figure 1 shows s p e c t r a  ob ta ined  under s i m i l a r  cond i t ions  o f  t h e  v i t r a i n  component 
o f  c o a l s  of s eve ra l  ranks.  The i o n i z a t i o n  p o t e n t i a l  f o r  a l l  t h e  spec t r a  was 25 v o l t s .  
The spectrum above mass 100 i s  magnified f o r  e a s e  o f  p r e s e n t a t i o n  f o r  both t h e  semi- 
a n t h r a c i t e  and the  sub-bituminous c o a l s .  With j u s t  a cu r so ry  glance one can see  how 
e a s i l y  v i t r i n i t e s  can be s e p a r a t e d  by t h e  " f i n g e r p r i n t "  technique.  
of t he  mass spec t r a  g ive  some i n d i c a t i o n  o f  t he  s t r u c t u r e  o f  t h e  m a t e r i a l .  I n  t he  high 
mass r eg ion  of t h e  sub-bituminous v i t r i n i t e  spectrum t h e r e  a r e  many mass peaks of about 
equal  i n t e n s i t y .  This  tends to i n d i c a t e  a complex mixture  of hydroaromatics and a l k y l  
s u b s t i t u t e d  aromatics .  The HVA bituminous v i t r i n i t e  has  a much more d i f f e r e n t i a t e d  
spectrum i n  t h i s  region i n d i c a t i n g  more o r g a n i z a t i o n  o f  s t r u c t u r e .  The semi-anthraci te  
has a ve ry  s imple mass spectrum a s  would be expected f o r  a low hydrogen c o n t e n t ,  highly 
condensed r i n g  system. 

The gene ra l  appearance 

Figure 2 shows some comparison s p e c t r a .  The high degree o f  s i m i l a r i t y  i s  seen 
between two HVA bituminous v i t r i n i t e s  f r o m  d i f f e r e n t  sou rces .  This can be con t r a s t ed  t o  
t h e  d i s s i m i l a r i t y  between t h e  spectrum of  v i t r a i n  i n  sample number 1 and t h a t  of t he  non- 
v i t r i n i t i c  m a t e r i a l  w i t h i n  100 microns of t h e  v i t r a i n  band edge. Although t h e  l a t t e r  two 
s p e c t r a  have many of t h e  same masses, d i f f e r e n t i a t i o n  can be e a s i l y  accomplished by com- 
pa r ing  s e l e c t e d  peak r a t i o s .  

Major mass peaks can be found i n  the HVA s p e c t r a  f o r  t he  a l k y l  s u b s t i t u t e d  benzenes 
and naphthalenes but t h e  mass d i s t r i b u t i o n s  o f  t h e  s p e c t r a  can not  be accounted f o r  by a 
mixture  o f  s t a b l e  molecules.  The s p e c t r a  i n d i c a t e  the  presence of thermally produced f r e e  
r a d i c a l s  i n  the  p y r o l y s i s  p roduc t s .  

The laser-mass spectrometer  i s  capable  o f  d i f f e r e n t i a t i n g  between microscopic hetero-  
g e n e i t i e s  i n  c o a l .  I n  o r d e r  to  understand t h e  s t r u c t u r a l  b a s i s  of t h i s  d i f f e r e n t i a t i o n  
t h e  behaviour  of known m a t e r i a l s  under t h e s e  p y r o l y s i s  c o n d i t i o n s  w i l l  have t o  be s tudied.  
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APPLICATIONS OF HIGH RESOLUTION MASS SPECTR~ETRY IN COAL RESEARCH 

A. G.  Sharkey, Jr., J. L. Shu l t z ,  T. Kess l e r ,  
and R. A .  F r i e d e l  

U.S. Department o f  t h e  I n t e r i o r , ,  Bureau of  Mines 
P i t t sbu rgh  Coal Research Center ,  P i t t sbu rgh ,  Pa. 

INTRODUCTION 

The P i t t sbu rgh  Coal Research Center of t he  Federa l  Bureau of Mines is attempt- 
ing  t o  determine which s p e c i f i c  organic  s t r u c t u r e s  a r e  most i n f l u e n t i a l  i n  enhanc- 
ing  d e s i r a b l e  p rope r t i e s  i n  commercially important f r a c t i o n s  of coa l  t a r s  such as 
road ta r  and e l ec t rode  b inde r  p i t c h .  
types  of  hydrocarbon s t r u c t u r e s  i n  c o a l - t a r  p i t c h  d e t e c t a b l e  by h igh - re so lu t ion  
mass spectrometry.  
of weathered road ta r  and o t h e r  a l t e r e d  f r a c t i o n s  o f  coa l  t a r .  

The c u r r e n t  emphasis i s  on a survey of t h e  

This  in format ion  w i l l  p rovide  the  b a s i s  f o r  an  i n v e s t i g a t i o n  

E .  J. Greenhow and G. Sugowdz summarized t h e  l i t e r a t u r e  on p i t c h  chemistry t o  
1961 by s t a t i n f  t h a t  less than  100 organic  compounds i n  p i t c h  have been i s o l a t e d  
and i d e n t i f i e d  . I n  these  i n v e s t i g a t i o n s  q u a n t i t a t i v e  d a t a  were obtained f o r  only 
a few of the  s t r u c t u r e s  i d e n t i f i e d .  

I n  a previous i n v e s t i g a t i o n  a t  our l abora to ry ,  mass spec t romet r ic  analyses 
were obta ined  fo r  t h r e e  f r a c t i o n s  of p i t c h  from the  high-temperature carboniza- 
t i o n  o f  coal'. 
w e l l  a s  carbon number d i s t r i b u t i o n  d a t a  f o r  a l k y l  d e r i v a t i v e s .  Approximately 
70 percent  of  the  80" t o  85" C so f t en ing  poin t  p i t c h  w a s  i nves t iga t ed .  An aver- 
age molecular weight of approximately 250 and a value of 4 . 5  f o r  t h e  mean s t r u c -  
t u r a l  u n i t  (number of a romat ic  r i n g s  per c l u s t e r )  were der ived  from the  mass spec- 
t rome t r i c  d a t a .  
cu l a t ed  from these  d a t a  is  i n  e x c e l l e n t  agreement wi th  measurements by nuc lear  
magnetic resonance. 

Semiquant i ta t ive  d a t a  were r epor t ed  f o r  34 s t r u c t u r a l  types  as 

An a r o m a t i c i t y  va lue  of 0 .94  (aromatic c a r b o d t o t a l  carbon) c a l -  

Changes i n  the  c h a r a c t e r i s t i c s  of  road t a r  dur ing  weathering and i n  t h e  ca r -  
bon iza t ion  p rope r t i e s  of  va r ious  c o a l s  fo l lowing  s to rage  poss ib ly  involve a l t e r a -  
t i o n  of c e r t a i n  organic  c o n s t i t u e n t s  by r e a c t i o n s  wi th  oxygen, n i t rogen ,  and s u l f u r .  
In  our prev ious  i n v e s t i g a t i o n s  of p i t c h  by mass spectrometry only t h e  hydrocarbon 
p o r t i o n  could be s tud ied  i n  d e t a i l  a s  s t r u c t u r e s  con ta in ing  t h e  heteroatoms n i t r o -  
gen, oxygen, and s u l f u r  have, i n  many i n s t a n c e s ,  t h e  same nominal molecular weights 
a s  hydrocarbons. 
c o a l - t a r  p i t c h e s ,  such as s o l v e n t  f r a c t i o n a t i o n ,  r e s u l t  i n  a sepa ra t ion  according 
t o  molecular s i z e  but not chemical type  as i s  r equ i r ed  t o  d e t e c t  changes i n  he tero-  
atom concent ra t ions .  

Procedures commonly used t o  s tudy  the  chemical c o n s t i t u t i o n  of 

High-reso lu t ion  mass spec t romet ry  o f f e r s  a new approach t o  s t u d i e s  of spec ies  
con ta in ing  heteroatoms. Sepa ra t ion  of t h e  components i s  not necessary  i f  t h e  
ins t rument  has  s u f f i c i e n t  r e s o l u t i o n  and s e n s i t i v i t y .  
atom r e s u l t s  i n  a s l i g h t  change i n  the  p r e c i s e  molecular  weight o f  t h e  spec ie s  
producing d i s t i n c t i v e  peaks f o r  t h e  va r ious  combinations of  atoms. 

The add i t ion  o f  a he te ro-  

I n  t h i s  pre l iminary  s tudy  of  t h e  h igh - re so lu t ion  mass spectrum of  c o a l - t a r  
p i t ch ,  t h e  i n v e s t i g a t i o n  cons i s t ed  of :  
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(1) 
t rometer  ion source t o  e f f e c t i v e l y  concent ra te  spec ies  i n  p a r t i c u l a r  molecular 
weight ranges. 

Obtaining spec t ra  by f r a c t i o n a t i n g  the p i t c h  d i r e c t l y  i n  t h e  mass spec- 

(2) Making p r e c i s e  mass de te rmina t ions  and d e r i v i n g  empir ica l  formulas f o r  
components i n  the  150 t o  320 mass range. This  mass range inc ludes  components 
comprising approximately 70 percent  by weight of  t h e  p i t c h .  

(3) Showing t h a t  many of  t h e  high molecular  weight s p e c i e s  de tec ted  f o r  t h e  
f i r s t  t i m e  could a r i s e  from t h e  condensat ion of  r a d i c a l s .  

EXPERDENTAL PROCEDURE 

A Consolidated Electrodynamics Corp. Model 2 1 - l l O B  double focusing mass spec- 
trometer was used f o r  t h i s  s tudy  of a Koppers 80" t o  85" C s o f t e n i n g  p o i n t  p i t c h .  
A d i r e c t  i n s e r t i o n  probe w a s  used t o  introduce t h e  p i t c h  i n t o  the region of  i o n i -  
z a t i o n  f o r  the  f r a c t i o n a t i o n  experiment. The mass spectrum and t h e  weight of t h e  
sample vaporized were determined a t  t h e  fol lowing probe temperatures: l o o o ,  175O, 
250", 290", and 325O C .  

A convent ional  umbrella-type g l a s s  i n t r o d u c t i o n  system was used f o r  the  pre-  
c i s e  mass study.3 

Mass measurements on s tandards  were accura te  t o  5 .OG3 amu. The peak match- 
ing  technique with perf luorokerosene as  a s tandard  w a s  usea f o r  a l l  mass ass ign-  
ments. For most of the  h igh- reso lu t ion  de te rmina t ions ,  the  instrument  w a s  oper- 
a t e d  wi th  a reso lv ing  power of approximately 1 p a r t  i n  8 t o  10 thousand and wi th  
an i n l e t  and source temperature o f  300" C.  The r e s o l u t i o n  was high enough t o  per-  
m i t  accura te  mass assignments t o  approximately mass 300 and represented  a com- 
promise between s e n s i t i v i t y  and d e s i r e d  reso lv ing  power. The r e s o l v i n g  power 
requi red  a t  mass 300 f o r  c o m p l e t e  s e p a r a t i o n  of severa l  o f  t h e  m a s s  doublers  of  
i n t e r e s t  i s  shown i n  t a b l e  1; however, complete s e p a r a t i o n  i s  n o t  genera l ly  re- 
quired f o r  prec ise  mass assignments. I n  many ins tances  5 0  percent  of t h e  t h e o r e t -  
i c a l  reso lv ing  power i s  adequate. 

RESULTS AND DISCUSSION OF RESULTS 

A .  Mass Spectra  of P i t c h  Frac t iona ted  i n  Mass Spectrometer. 

Data obtained f o r  the f r a c t i o n a l  d i s t i l l a t i o n  of t h e  80"-85" C sof ten ing  
poin t  p i t c h  i n  the  mass spectrometer  ion source a r e  shown i n  t a b l e  2 .  Frac t ion-  
a t i o n  O E  the sample by increas ing  the temperature of t h e  d i r e c t  i n t r o d u c t i o n  
probe was e f f e c t i v e  in concent ra t ing  species in  a l imi ted  molecular  weight range. 
P r e c i s e  mass de te rmina t ions ,  made a s  a second p a r t  o f  t h i s  i n v e s t i g a t i o n ,  sub- 
s t a n t i a t e d  s t r u c t u r a l  assignments t o  about molecular weight 350. 

A t  a probe temperature of 100°C 25.5 percent  of t h e  p i t c h  sample was 
vaporized. Masses 178 and 202 a r e  t h e  most i n t e n s e  peaks i n  t h i s  spectrum, 
i n d i c a t i n g  anthracene and/or  phenanthrene and 4- r ing  peri-condensed s t r u c t u r e s  
such a s  pyrene d i s t i l l  p r e f e r e n t i a l l y  a t  these  temperature-pressure condi t ions .  
Spec ies  with molecular weights  as h igh  as  420 were de tec ted .  
temperature was increased t o  175O C a n  a d d i t i o n a l  22-4 percent  of t h e  p i t c h  vapor- 
ized .  The molecular weight  of t h e  spec ies  showing maximum i n t e n s i t y  increased 
t o  252, corresponding t o  a 5 - r i n g ,  peri-condensed aromatic  s t r u c t u r e ( s ) ;  the 
molecular weight range of t h e  spectrum increased t o  mass 526. A t  250" C an addi-  
t i o n a l  20.1 percent  of  the p i t c h  d i s t i l l e d .  The mass w i t h  maximum i n t e n s i t y  was 

When t h e  probe 
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Table 1.- Major mass doub le t s  in  mass spectrum of c o a l - t a r  p i t c h  

Resolu t ion  required t o  separa te  
Doublet #4 ( a m )  double t  a t  mass 300 

C2H8-S .0906 3,300 

CH4-0 .0364 8,200 

.0126 

.0045 

24,000 

67,000 

Table 2 . -  F r a c t i o n a l  d i s t i l l a t i o n  of Koppers 80"-85" C so f t en ing  
p o i n t  p i t c h  i n  mass spec t rometer  i o n  source 

Mass spectrum 
Probe temper- D i s t i l l a t e ,  weight percent  Mass wi th  Max hum 

a t u r e ,  O C  Cumu 1 a t  i v e  F rac t iona l  Max. i n t e n s i t y  mol. w t .  

L O O  
175 
250 
2 90 
325 

25.5 25.5 
47.9 22.4 
68.0 2 0 . 1  
68. Ob 
68.0 

178-202 420 
252 526+a 
228 550i-a 
326 62Wa 
326 5 70i-a 

a .  Accurate mass numbers could not  be assigned t o  t r a c e  peaks appearing a t  

b .  No change i n  weight of res idue  de tec t ab le  a t  probe temperatures > 250' C. 
h igher  molecular weights .  

Table 3 .- Mass assignments f o r  s eve ra l  perfluorokerosene (PFK) 
and polynuclear hydrocarbon peaks 

Experimental Calculated AM 
( m u )  P.P.M. 

204.9888 
2 18.9856 
23 0.9856 
242.9856 
254.9856 
268.9824 
280.9824 

202-0 776 

228.093 7 

204 -9896 .0008 4 
218.9852 .0004 2 
230.9847 .0009 4 
242.9855 .OOOl 0.4 
254.9854 .0002 0.8 
268.9810 .0014 5 
280.9811 .0013 5 

202.0783 .0007 4 
. - - - - - - - - _ - _ - - _ _ - - _ _ - - - - - - - - - - - - - - - - - - - -  

(P .F.K.  ) 
do 
do 
do 
do 
do 
do 

. - - - - - - - - -  
4- r ing ,  per i -  

condensed 

228.0939 . .0002 1 4- r ing ,  ca ta -  
condensed 

- I 
I' 

i 
/ 

i 

I 
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228, corresponding t o  a 4 - r ing ,  cata-condensed aromatic hydrocarbon, and t h e  
molecular weight range of  t he  spectrum i n c r e a s e d - t o  mass 550. 
temperatures,  290" and 325" C ,  t h e  s p e c t r a  ind ica ted  t h a t  t he  average molecular 
weight and r i n g  s ize  of  t h e  components continued t o  inc rease .  
maximum i n t e n s i t y  occurred a t  326 a t  temperatures of 290' and 325" C. 
ind ica ted  components w i th  molecular weights h igher  than  620. 
change de tec t ab le  a t  probe temperatures g r e a t e r  than 250' C. Thus, t h e  spec t r a  
obtained a t  290' and 325" C r ep resen t  only a very s m a l l  p o r t i o n  of t h e  p i t c h .  
t o t a l  amount of p i t c h  vaporized was 68 weight percent  of t h e  charge.  This value 
agrees  wel l  with the  70 percent  vapor iza t ion  obtained i n  our  prev ious  s t u d i e s  of 
the  same p i t ch .2  
100' C contained t r a c e  peaks whose masses could not be ass igned;  t hese  ions  
ind ica ted  molecular weights up t o  about 800. 

A t  h ighe r  probe 

The mass with  
The spec t r a  

There was no weight 

The 

The mass spec t r a  obta ined  a t  probe temperatures g r e a t e r  than  

The increased molecular weight range of t h e  m a t e r i a l  vaporized a t  h igher  
probe temperatures is  i l l u s t r a t e d  i n  f igu res  1 and 2 .  These f i g u r e s ,  based on 
low-ionizing vol tage  mass s p e c t r a ,  were p l o t t e d  a t  t h e  Un ive r s i ty  of  P i t t sbu rgh  
Computer Center us ing  a program obta ined  through t h e  cour tesy  of t h e  Graduate 
School of Publ ic  Health a t  t he  Univers i ty .  The t r a c e  ions  up t o  approximately 
mass 800, which could not  be e f f e c t i v e l y  reproduced i n  these  f i g u r e s ,  correspond 
i n  molecular weight t o  s t r u c t u r e s  conta in ing  a t  l e a s t  1 2  aromatic r ings .  

B. Prec ise  Mass Assignments. ' 

Table 3 l i s t s  p rec i se  mass va lues  obta ined  by t h e  peak matching technique 
f o r  s eve ra l  peaks i n  the  perfluorokerosene marker spectrum and f o r  t he  molecular 
ions  of 4- r ing  p e r i -  and cata-condensed aromatic hydrocarbons. These d a t a  show 
t h a t  mass assignments can be made t o  wi th in  a few par t s  p e r  m i l l i o n  by t h i s  
technique. 

Empirical formulas were der ived  from t h e  measured masses i n  t h e  150 t o  319 
range of t h e  80"-85" C c o a l - t a r  p i t c h .  Species having from 1 2  t o  2 8  carbon atoms 
were observed. A t o t a l  of 273 peaks were ind ica t ed ,  many r e s u l t i n g  from double ts  
and t r i p l e t s  a t  nominal masses. I n  a d d i t i o n  t o  t h e  hydrocarbon spec ie s ,  t h e  pre-  
c i s e  masses ind ica ted  the  presence of  a t  l e a s t  10 s t r u c t u r a l  types  conta in ing  
oxygen, 9 conta in ing  s u l f u r ,  and 10 conta in ing  n i t rogen .  Measured and ca l cu la t ed  
masses showed agreement i n  genera l  from a few t en ths  t o  3 m i l l i m a s s  u n i t s .  Nine- 
teen  of these  masses represent  s t r u c t u r a l  types not  prev ious ly  r epor t ed  f o r  coa l  
t a r  - 4  

The nominal molecular weight and atomic spec ie s  f o r  each of t h e  components 
de tec ted  is  shown i n  f igu res  3 and 4.  The a b i l i t y  of  t he  instrument t o  r e so lve  
complex mixtures i s  i l l u s t r a t e d  a t  mass 2 1 2  where empir ica l  formulas were obtained 
f o r  s t r u c t u r e s  conta in ing  carbon-hydrogen, carbon-hydrogen-oxygen, and carbon- 
hydrogen-sulfur,  a l l  having the  same nominal molecular weight.  

Table 4 g ives  t h e  formulas f o r  13 new high  molecular weight spec ie s  de t ec t ed  
i n  t h e  h igh - re so lu t ion  mass spectrum of p i t c h .  The formulas were der ived  from 
the  observed p rec i se  masses. The p a r t i c u l a r  s t r u c t u r a l  t ype ( s )  cannot be i d e n t i -  
f i ed  a s  many isomeric v a r i a n t s  a r e  poss ib l e  f o r  each formula. Also shown a r e  
formulas and s t r u c t u r e s  of s eve ra l  compounds conta in ing  (C,H), (C,H,O), (C,H,N), 
and (C,H,S) prev ious ly  i d e n t i f i e d  i n  coa l  t a r . 4  The l a s t  two columns of t a b l e  4 
i l l u s t r a t e  how the  h igh  molecular weight spec ie s ,  wi th  molecular formulas d e t e r -  
mined i n  t h i s  i n v e s t i g a t i o n ,  can a r i s e  from condensation r e a c t i ~ n s . ~  
t i o n  of C4H4 o r  C6H 
w i l l  produce the  mo?ecular formulas shown. 

The addi- 
r a d i c a l s  t o  r a d i c a l s  from previous ly  i d e n t i f i e d  s t r u c t u r e s  
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CONCLUSIONS 

Approximately t h r e e  times t h e  number of components repor ted  i n  previous 
inves t iga t ions  of c o a l - t a r  p i t c h  by o t h e r  techniques  were de t ec t ed  i n  t h i s  study. 
While the  i d e n t i f i c a t i o n  of p a r t i c u l a r  s t r u c t u r a l  types  i s  not p o s s i b l e ,  t he  pre-  
cise masses i n d i c a t e  the atomic spec ie s  p re sen t .  This  s tudy  shows t h a t  high- 
r e s o h t i o n  mass spectrometry provides a means of  d e t e c t i n g  changes i n  e i t h e r  t he  
concen t r a t ion  o r  composition of organic  compounds i n  f r a c t i o n s  o f  coa l  tar f o l -  
lowing exposure t o  var ious  atmospheres. Such information should lead t o  a b e t t e r  
understanding of the p r o p e r t i e s  of road tars and o t h e r  commercially important 
f r a c t i o n s  of  coa l  t a r .  
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FIELD IONIZATION MASS SPECmOMETRY - STRUCTUKE CORRFLATIONS FOR 
HYDROCARBONS 

Graham G.  Wanless 

Esso Research and Engineering Co. 
Analytical  Research Division 
P. 0. Box 121 
Linden, New Jersey  

ABSTRACT 

Field ion iza t ion  is a preferred way of looking a t  molecules 
and mixtures thereof.  Ionization is  accomplished by e lec t ron  
abstraction i n  n e l e c t r o s t a t i c  f i e l d  of very s t eep  gradient, of 

impact, these spec t ra  possess much grea te r  parent ion abunaances 
and r e l a t ive ly  fewer fragment ions. This r e s u l t  f a c i l i t a t e s  analysis 
of unknown mixtures grea t ly .  

Because the  spec t ra  are simpler, greater use can be made of the  
metastable ions f o r  s t r u c t u r a l  in te rpre ta t ion .  An unexpected r e -  
sult i s  the  f a c t  t h a t  there  i s  a c lose  cor re la t ion  between kind and 
abundance of f i e l d  ion iza t ion  primary metastable ions and compound 
s t ruc ture .  A more complete study of branched hydrocarbons (showing 
these s t ruc ture  cor re la t ions)  w i l l  be presented than t h a t  published 
recently (Anal. Chem. 3, No. 1, 2-13, Jan. 1967). 

problems are (a) to increase s igna l  strength, (b) to develop im- 
proved f i e l d  ion anode devices, and (c) t o  improve repea tab i l i ty  of 
successive spectra.  How the  s igna l  averaging computer can convert 
the present-quali ty spectra to precision f ie ld- ion  mass spectra w i l l  
be demonstrated w i t h  examples. 

the order of 10 8 volts/cm. I n  cont ras t  t o  spectra from electron 

The present s t a t e  of development will be described. Pr inc ipa l  
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Hydzbqen bondinq is a ve ry  s l q n i f i c a n t  type of I /  

I n t e r a c t i o n ,  qnd Is of widespread occurrence.  
Pimentel and McCleklanl, a hydrogen bond e x i s t s  between a 
f u n c t i o n a l  group A-H and an  atom or a qroup of atoms D i n  
t h e  same o r  a d i f f e r e n t  molecule when the re  is evidence of 
bond formRtion, and when the  bond l i n k i n g  A-H and D involves  
t h e  hydroqen atom a l r eady  bonded t o  A .  In f r a red  method, based 
mainly on i n t e n s i t y  measurements of t he  band ass igned  t o  
t h e  monomeric s p e c i e s ,  has  been used ex tens ive ly  I n  t h e  
de te rmina t ion  'of equ l l ib r ium cons tan t s  of hydrogen-bonded 
8yEtemS. It o f f e r s  the advantzqes t h a t  d i f f e r e n t  hydrogen- 
bonded complexes can be d i s t i n g u i s h e d ,  and t h a t  r e l a t i v e l y  
low concen t r a t ions  can be useci. For very weak coaplexes 
however, t he  I n f r a r e d  method has no t  proved t o  be a s u f f i c i e n t l y  
s e n s i t i v e  probe of the q u a n t i t a t i v e  a spec t s  of hydrogen bondinq. 
High r e s o l u t i o n  n u c l e a r  magnetic resonance (nmr) s c o r e s  e a s i l y  
i n  providing a s e n s i t i v e  measure of i n t e r a c t i o n ,  because i t  
permits t h e  measurements of f r equenc ie s  which can be done very  
a c c u r a t e l y ,  r a t h e r  t'nan i n t e n s i t i e s  which a r e  more s u b j e c t  
t o  unce r t a in ty .  This paper d e s c r i b e s  s e v e r a l  ways i n  which 
nmr is used t o  o b t a i n  e q u i l i b r l u n  constcints and thermodppsrnic 
func t ions  of v a r i o u s  hydrogen-bonded systems. I n  a d d i t i o n ,  
an a p p l i c a t i o n  of hydrogen-bonding d a t a  t o  t h e  d e t e r n i n a t i o n  
of the p re fe r r ed  form of a beta-diketone is given. 

I t  I s  well  known t h a t  t h e  formation of hydro%en 
bonds usua l ly  s h i f t s  t he  nmr s i g n a l s  t o  lorser f i e l d ,  except 
In  c e r t a i n  c a s e s  involv inq  arornstic .nolecules o r  e l e c t r o n  
donors i n  which unusual magnetic a n i s o t r o p i c  e f f e c t s  a r e  
p re sen t  2,3, V l r t u a l l y  a l l  hydroqen bonds a r e  broken and 
re-formed a t  a s u f f i c i e n t l y  fas t  r a t e ,  s o  t h a t  s e p a r a t e  
resonances f o r  bo th  hydroqen-bonded and nonhydrogen-bonded 
s t a t e s  i n  the same mediua a r e  not  observed. Consequently, the 
observed frequency v w i l l  correspond t o  t he  qvPrap;e of the 
c h a r a c t e r i s t i c  f r equenc ie s  of t he  cornplexed and uncomplexed 
protons (v  , v f ) ,  weiyhted according t o  the equ i l ib r ium 
f r a c t i o n  18 each form ( X c ,  Xf): 

For an equ l l ib r ium between a monomeric hygroeen donor, 
A-8, and an e lec t ron-donor ,  D,  t o  form a 1:l complex C ,  the  
following equa t ion  may be der ived4  when the concen t r a t ion  
of t he  electron-donor is much g r e a t e r  than t h a t  of C: 

According t o  

v = XfVf + xcvc (1 1 

1 

1 = 1  1 +  1 
Y - Vf a VC'Vf 

I n  eq. 2,  v Is t h e  measured nmr frequency of t he  hydroqen- 
bonaing proton a t  a concen t r a t ion  2 of D, v 
of monomaric A-H proton s i q n a l  a t  9 = 0 ,  an8 K is the  
a s s o c i a t l  on cons t  a n t  

is t he  frequency 

( 3 )  " = &  
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It is i n t e r e s t l n q  t o  n o t e  t h a t ,  t h i s  equat ion  i s  of t h e  ssm 
form as one used f o r  t r e a t x n t  of u l t r a v i o l e t  s p e c t r a l  d a t a  
on 1:l comolexes. 

1 - =  1 & +  1 
E- Ef $(E,-Zf) d Ec-Ef 

where t h e  E ' s  ere molar e x t l n c t l o n  c o e f f i c i e n t s 5 .  For t h e  
t r e a h e n t  of i n f r a r e d  s p e c t r a l  d a t a  f o r  1 :1 complexes, the 
fol lowinq equat lon  can be der ived  

1 = 1 1 + &  
Ef -E K Ef 3 Ef 

i f  I n t e n s i t y  measurements ere m d e  on t h e  b m d  ass iqned  t o  
t h e  monomeric and uncomplexe3 speClt?S and i f  complexed spec les  
do n o t  absorb radi2. t ion a t  t h e  saxe frequency, s o  t h a t  ZC = 0. 

Benzenethiol comolexes. Xathur ,e t  al.4, r e p o r t  n x r  s t u d i e s  of 
hydrosen bondin< of  benzenet%iol  with N , ~ ~ l l m e ~ ~ J j f o r n t . ! ~ i d e  (DiiF) , 
t r l b u t y l  phosphate (TPP) , pyr id ine ,  N-Iethylpyrazole,  and 
benzene t o  serve  8 s  models of bon5iny of -S!I t o  t h e  carbonyl 
oxygen, phosphoryl oxy.l;en, or?anlc  n i t ro7en  bases ,  and an 
Rroinatic e l e c t r o n  s y s t e n ,  r e s p s c t i v e l y .  Table I l i s t s  t h e  
resu l t s  obtained. 

Table  I 
Thernodynamlc d a t a  f o r  benzenethiol  bonding t o  e lectron-donors  

- A H  
!?$:ole k c a l  ./mol.e 

Glectron donor Vc-vf  (PPm) 

P y r i d i n e  1 .2  
&me thy1 pyrazole 1.5 
TBP 1.8 
DXF 2.2 
Benzene -2.5 

0.22 
-14 
-43 
.24 
-039 

2.4 
2.1 
2.0 
1.8 
0 . 5  

The e x t e n t  of  hydroZen-bondinq i n  these  systems, as 
measured by t h e  e q u l l i b r l u ~  cons tan ts  and enth9lpy changes, I s  
much s m l l e r  t h m  t h a t  f o r  t h e  saxe e l e c t r o n  donors i n t e r a c t i n g  
u i t h  phenol. For exanple ,  t h e  va lues  o f  K f o r  uheno y r i d i n e  
and phenol-3iP a r e  77 and 64 l./mole, r e s p e c t i v e l y  &if. These 
s u f f i c e  t o  show t h e  weakness of -SH hydrogen bonding r e l a t i v e  
t o  -OH. It is o n l y  because of  t h e  f a i r l y  l a r g e  a s s o c i a t i o n  
s h i f t , ,  vc-v , and t h e  p r e c i s i o n  of n n r  frequency measurements, 
t h a t  t n e  t d r m o d y n m i c  f u n c t i o n s  of -SH bonding systems can be 
obtained.  I n  benzene t h e  r i n q  c u r r e n t  e f f e c t  dominates t h e  s i g n  
and mamltude of (vc-vf). As sho:in in FRble I ,  benzene behaves 
RS T-electro+onor  and hence capsble  of forming weak hydrogen 
bond w i t h  benzeneth io l .  

2-ProDan01 comolexes. '&en 2-propmol is used A S  t h e  hydroyen 
donor, eq. 2 has  t o  be  modified s i n c e  s e l f - a s s o c i a t i o n  of t h e  
a l c o h o l  occurs ,  and t h i s  may a f f e c t  t h e  e q u l l i  r ium involvlnr;  

t h e  fo l lowin?  n o d l f l e d  equat ion  
i t s  complex formation w i t h  D. Tak>has:?i and Li ll have der ived  

v-v'- . m d x  vc-v' 
1 = 1  1 + -  1 
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36 
21: 
111 

0 

l!. 0 
29 
2 1  

3.61 
5.02  

8.94 
6.01 

5.00 
5.17 
5.23 
5.35 

2.23 
2.56 
2.88 

b.20 
4.30 
4 . 3 3  

~ - ; u ~ . ~ . c ? r  ar?d .-lei t a r 9  s u . ; y ? s t  t k a t  t he  n a r  frequency of 
the  cozi!D.e;:.~:! s p e c i e s  C I A O S T I ~ S  q u i t e  st-onr;ly on t h e  deqrec? of  
ex  i i t n t i o t i  o f t ':I e 1: y I ro ye  11 -b onrl. - s t; r e  t ch i n :< v i br a t 1 o ni 1 mo 2. e . 
They > - ? A s < 3 i i  t h s t  because t h i s  J. s an  u:1usw?ll.y lox-frequency 
n o t i o n ,  seve ra l  exc i t ed  s t R t c s  a r e  s i ~ ; n l f I c n n t l . v  populated even 
e t  te,iiperat;u~:s F(S lor.: 2 s  ZOO%, and t h e i r  c ~ l c u l . ~ t i o n s  s):o:.! R 
te?.pernturs deg:?ii?once of vo. The d a t a  of T n b l e  11 on the  
values o f  v a t  d i f f e r e n t  t e n p e r a t u r z s  d.o inAlc?.te that vc 
incr;.,-.sos di5:1t1.!.7 with dec rease  i n  tenpernture .  TA s is not  

t h z t  t h e  hy.Iro?en bond. 2:hlr'ts do n o t  irary wl th  t enpe rn tu re .  
i n  ~ ~ r " c r . : e n t  x i t h  t h 2  assunpt io i?  o f  sever21 a u t h o r s  t 310-12 

Amine co:iin!.e:rss. , Takahashi  and L i I 3  r e ? o r t  iinr s t u d i e s '  o f  
hy3roKer-i b s n i i n  7 bet i leen tho sn ino  p r o t o n s  of t-butyla!nln" 2nd 
m l l , l r i ~ ,  an9 sevzra.3. e l e c t r o n  donors,  c h l o r o f o r a  med.lun. 

becsuse of i t s  r c a c t i c n  ?lit:? m i n e .  Jhen 

equat ion i s  

as  the  s o l v e n t ,  eq.  2 ~ R S  t o  be modifled sinc!: t h e  
a c t s  as a hydroZen donor t o  t h e  e l e c t r o n  

1 . l+KC(S) + 1 ( 7  1 - 1 - 
v-Vf x ( v , - V f r  d VC'Vf 

where K and Ks are e q u l l l b r l u z  c o n s t n n t s  o f  t h e  r e z c t l o n s  

Amine + 3 = nslne.. .D K 
C13C.Y + D = C13CS ... D Ks 

end ( S )  , 2 nra  t h e  t o t a l  concen t rg t lons  of CHC13 and D ,  r e spec t lvc ly .  
The ex?.::-rlr:isnts vter.5 c s r r l e d  o u t  30 t h s t  ( S )  is  iS:JCh g reRte r  
than and m c h  q r e a t e r  t h s n  t k c  tot.91 concen t rn t lon  o f  t he  
niolne. P r o a  eq. 7, R Plo t  of l/(v-vf) vs. (l+K,(S))/d t h e r e f o r 2  
should yield.  EL s t r z l z h t  l i n e ,  from which 2: c8n be de tern inef i .  
The ve lue  of Ks i s  deternlned In  separate e x p e r l z e n t s  b y  mensurlng 
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t h e  iimr frequency o f  t h e  chloroform proton simal i n  CCl4 
s o l u t i o n s  contalnine;  O.O5W cIICl3 arkl v a r l o u s  amounts of t he  
e l e c t r o n  donor. 

t h e  arrilfies may be r ep resen ted  b y  t h e  equat ion  
The hydrogen-bonding of N-methylacetmide ( N U )  t o  

The v a l u e s  of  yc-vf f o r  N#A bondinq t o  t h e  amines a r e  
lndependent of temperature  between -19 an8 3 6 O .  This  aeans 
t h a t  i n  t h i s  system,the hydrogen-bond s h i f t  Is temperature  
independent and t 'nat  t h e  s e l f - a s s o c l a t l o n  of NI4A does n o t  
i n t e r f e r e  wi th  i t s  bondinq. w i t h  t he  amines. The r e l a t i v e  
hydrogen-donor s t r e n g t h  of  -NH2, -OH, and -SH may be  obta lned  
by not ing  t h a t  the a s s o c i a t i o n  cons tan t  f o r  a n i l i n e  bonding 
t o  NIL3 ( K  = 58 a t  2 6 O )  1s sma l l e r  t han  f o r  phenol bonding t o  
Xi4A ( K  = 105 a t  30 ) and l a r g e r  than  f o r  benzeneth lo l  bondin5 
t o  NKA (K = 0.13 a t  37'). 

Water complexes. Takahashi and L1l4 and Tlng ,e t  a l .  15 , 
r e p o r t  nnr  s tud ies  of water as hydrogen donor t o  t e t r ahydro fu ran ,  
a c e  tone,  N ,N-dime thy lace tamide ,  N,N-dimethylformmide and 
dimethyl  su l foxide .  I n  t he i r  experiments  w a t e r  is t h e  hydrogen 
donor a t  low concen t r a t ions  (ho le  f r a c t i o n  i n  t h e  range of 
0.003 t o  0.02), i n  t h e  presence of  an  e l e o t r o n  donor (mole 
f r a c t i o n  i n  t h e  r anae  X = 0.5 t o  0.99), and cyclohexane as an 
I n e r t  so lvent .  S ince  w e e r  i s  no t  so lub le  i n  t h e  i n e r t  s o l v e n t ,  
t h e  presence of a n  apprec i ab le  excess  concen t r a t ion  of D is 
necessary.  I n  tine reg ion  of low water  conten t , lLnear  p l o t s  of 
t h e  nmr frequency of  the water  protons vs. t h e  mole f r a c t i o n  

of t h e  water  proton frequency 3,  o z e r o  water concen t r a t lon  i s  
of water,at a q iven  va lue  of 

e a s i l y  made, and i n  t h e  l i m i t  of X ,  = 0,only two s p e c i e s  a r e  
cocs idered:  t he  1:l complex, OB2...D, and t h e  1:2 complex, 

E%%nq t o  the  re l .a t lon  

a r e  obtained.  The e x t r a p o l a t i o n  

The two s p e c i e s  a r e  considered t o  be i n  equ i l ib r ium 

i.D 

OD 
+ D =  < ( 9 )  

The o h a r a c t e r l s t t c  nx r  f r equenc le s  of  t h e  1 x 1  and Lr2 complexes 
are des igna ted  v11  and v12, r e spec t ive ly ,  and t h e  fo l lowlng  
equa t ion  is der ived  

= 1  . &  + '1 1 

11 -11) xd V12'Vll 
Vo-V 

. -  
In eq. 10 ,  vo Is t h e  ex t r apo la t ed  frequency of the water pro tons  
a t  ze ro  water concen t r a t ion  and I( is equ i l lb r lum cons tan t  of 
eq. 9 .  
lndependent o f  t e a p e r a t u r e  and draw p l o t s  of l / ( v o - q 1 )  VS. 

l /Xd.  The c o r r e c t  v11 is  taken t o  be t h e  value which makes' the 

The au tho r s  assume t h a t  (v12-v11) is approximately 
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P l o t s  a t  d i f f e r e n t  temperntures  come- t o  a common i n t e r c e p t .  
the  P l o t s  a n q e q .  10 ,  t h e  va lues  of X and v are obtwlned. 

! 1 2  
Equilibrium c o n s t a n t s  and en tha lpy  chan:es for wa te r  

bonding t o  N;N-diaethylformamlde (DW?) are l a r g e r  t han  the  
cor respondinq~ values f o r  w~ter-N,J-disethylacetamlde ( D N A ) .  
This  o rde r  isf s u r p r i s i n g ,  since DXF is a nea.ker e lectron-donor  
than  DX.4 to!vsrds phanol. I t  may be t h a t  t h e  C 3  proton i n  DMF 
func t ions  R S ' P  weak hydroqen donor  t o  t h e  oxy3en of  writer, t h e .  
Protons of  which a r e  bonded t o  o t h e r  DZF molecules. T'nis would 
r e s u l t  i n  a q t e a t e r  hydro Ten-donor s t r e n q t h  of we ter  toward 
DXP the.n ton3rd DXA. 

determlne proton chemlcsl s h l f t s  f o r  d i l u t e  s o l u t l o n s  o f  
water I n  n l x t u r e s  o f ' d i o x m e  and carbon t e t r z  h lo r ide .  When 
the nole  f r a c t l b n  of  water  I s  below 1.5 x 10-9, se l f -? . ssoc la t lon  
of w R t e r  is ne.Tl l+ible ,  and. t h e  e-uthors t r e a t  t h e  d?.ta as?u!ning 
t h a t  t h e r e  2re t h r e e  s o l u t e  s p e c i e s ,  f r i e  water, a 1:1 w s t e r -  
dioxnne complex, 2nd a 1.:2 conplex. Tne c h w x c t e r i s t i c  f requencies  
o f  t h e  complexes a p p e a r  t o  he, Independent o f  t e z g e r a t u r e  i n  
t h e  ranqe ll-7OoI4in accordwice w i t ' -  t h e  a.ssurnpt1on macie by 
Takahashi and ;L i  

of hydro yen bonding betvieen 6-d I k e t o x s -  thenoyl  t r l  f luoroace tone ,  
hexaf luoroace ty lace tone ,  and t r i f l u o r o a c e t y l a c e t o c e -  and s e v e r a l  
n e u t r a l  orqanophosp3orus corngoun3s- t r i b u t y l  phosphate, d i e t h y l  
e t h s l  phosphoh?te, nnd t r l - n - o c t y l  p::osp:iFne oxide.  O f  t h e  three 
d ike tones  s tud ied ,  hexaf luorosce ty lzce tone  y ivss  the  most s table  
colnplex with a 7lven phosphorus c~mpoux l  an4 t h i s  is as expected, 
s i n c e  at has two e l ec t ron -x i t3d ra r i ln j  *- ur2  t roups  i n  the  same 
molecule. I t s  ?.rater hydrosen-donor s t  en-;th i s  i n  l l n e  wi th  
i t s  Orea ter  acid s t r e n 3 t h  of  hexa f luo rosce ty l ace tone ,  
t h e n o y l t r i f l u o r o ~ c o t o n e  znd t r l f l u o r o a c e t y l a c e t o n e  = 4.35, 5.70 
and 6.110, r s s p e c t i v e l y ) .  31 th  a 'q lvan d ike tone ,  t he  e q u l l l b r i u a  
c o n s t s n t  of hydro-en bond form.rtion rilth t h e  phosphorus coxpounds 
inc reases  i n  t h e  o r d e r  t r i b u t y l  p:?osw;late, d i e t h y l  e t h y l  
phoaphonite,  3n3 t r l - n - p ~ o s p ~ ~ l n e ' . o x l d e  and. I s  i n  l l n e  wl th  t h e  
r e l a t i v e  b p s l c i t y  of t h e  phosphorus coa?ounds. 

o f  hydroTen bondirs d s t a  t o  t k e  c'.etrr:Gw :.io 1 of  tine p re fe r r ed  
eno l  form of  t h e n o y l t r l f l u o r o m e t o i e  (XTTA).  In  CC1 as  s o l v e n t ,  
two poss lb l e  enol  s t r u c t u r e s  ( 1 , z n d  11) c ~ r i  be p o s t u h t e d  

From 

16  I t ' $ s  of  i n t e r e s t  t o  no te  t h a t  Muller and. Slmon 

and Tlng, e t  al . l -5  

8 -Dlketone comnlexes. Puknnlc, e t  ai.'?, r e p o r t  nmr s t u d l e s  

Puknnlc, e t  d7, clve::' a n  ox?.rnple o f  t h e  a p p l i c a t l o n  

II I1 ' 11 ( m c ,  ,c - C=C?!-J - CPj  
5 

/ 

I I1 ' 
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In te rmolecular  hydro7en bonding between HTTA molecules Is 
n e g l i g i b l e  because HTTA reioains monomeric and t h e  nmr f requencles  
rem3ln cons tan t  ove r  wide range of  XTTA concen t r a t ions  i n  C C l 4  
a t  c o n s t a n t  te-nperature  and i n  the  absence of 8 second so lu t e .  I n  
the  presence of t r i b u t y l  phosphate u p  to  1M, t h e  f luor ine-19  nmr 
resonance remalns the sane a s  i n  t h e  absence of it. Under t h e  
same cond i t ions ,  w i t h  hexaf luoroace ty lace tone  i n  place of HTTA, t he  
f luor ine-19  s igna l  moves u p f l e l d  by 0.25 ppm. The d a t a  show t h a t  
the  p re fe r r ed  enol  f o r a  of  XTTA is I I , r a t h e r  than  I, because 
t r i b u t y l  phosphate would bond with HTTA through‘ the  e n o l i c  -COH. 
I f  t he  prefer red  eno l  form of ilTTA were I, then  the  presence of 
t r i b u t y l  phosp9ate should have a f f e c t e d  t h e  f l u o r i n e  frequency,as  
I t  does  with hexafluoroacetylacetone. Slnce no e f f e c t  was observed 
w i t h  HTTA,the conclusion Is t h a t  t h e  p re fe r r ed  enol  form Is 11, 
where t h e  f l u o r i n e  atom a r e  f a r t h e r  away from t h e  hydrogen- 
bondinq s i t e .  

Current  s t t ‘d ies .  Dr. S. Nishlmura 2nd Nr. C.:I.Ke i n  our  
Laboratory a r e  cs r ry in?  o u t  n m  s t u d i e s  wi th  wa te r  and chloroform 
bondinq t o  orqanophosohorus compounds and s e v e r a l  amines. A t  t h e  
Symposium In  September I hope t o  inc lude  a d i s c u s s i o n  of t h e l r  
important  r e s u l t s .  I 
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SUMMARY 

Current  carbon-13 n u c l e a r  magnetic'  resonance  (CI3 NMR) s t u d i e s  of  c o a l ,  c o a l  
d e r i v a t i v e s ,  and r e l a t e d  m a t e r i a l s  a r e  p r e s e n t e d  and discus 'sed.  
p u l s e d  NMR techniques  have been a p p l i e d  t o  a few s o l i d  m a t e r i a l s  i s o t o p i c a l l y  
enr iched  i n  carbon-13,  w h i l e  h i g h - r e s o l u t i o n  N h  s t u d i e s  of  a wide  v a r i e t y  o f  pure 
compounds and s e v e r a l  c o a l  d e r i v a t i v e s  have  been c a r r i e d  o u t .  The former t e c h n i -  
ques a r e  used  t o  d e r i v e  s ec t r a l  second moments and n u c l e a r  magnet ic  r e l a x a t i o n  
t i m e s .  
q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  a r o m a t i c i t y  ( f a )  o f  s o l u b l e  p r o d u c t s  from c o a l .  
Values  of f a  f o r  1 i g h t . o i l s  from c o a l  and l i g n i t e  and f o r  a carbon d i s u l f i d e  
e x t r a c t  of c o a l  have been e s t i m a t e d  from t h e i r  C13  NMR s p e c t r a .  

Broadl ine  and 

H i g h - r e s o l u t i o n  Cp3 NMR i s  p o t e n t i a l l y  a powerful  t o o l  f o r  t h e  d i r e c t  

INTRODUCTION 

Since  t h e  f i r s t  publ i shed  r e p o r t  o f  s u c c e s s f u l  NMR measurements of t h e  hydro- 
gen d i s t r i b u t i o n  i n  a c o a l  d e r i v a t i v e '  and t h e  f i r s t  d e t e r m i n a t i o n  of a h igh-  
r e s o l u t i o n  spectrum o f  a c o a l  e x t r a c t z ,  p r o t o n  .magnetic resonance spec t romet ry  
has  been used by many a u t h o r s 3  t o  a i d  i n  t h e  e l u c i d a t i o n  of  t h e  s t r u c t u r e  o f  c o a l .  
Erown and Ladner4 developed a method f o r  a p p l y i n g  t h e  hydrogen d i s t r i b u t i o n  d a t a  
t o  t h e  a n a l y s i s  o f  carbon s t r u c t u r e ,  w i t h  p a r t i c u l a r  emphasis on e s t i m a t i n g  t h r e e  
impor tan t  s t r u c t u r a l  parameters :  f a ,  t h e  a r o m a t i c i t y ;  u ,  t h e  d e g r e e  of  a romat ic  
s u b s t i t u t i o n ;  and H a r u / C a r ,  a n  i n d i c a t i o n  o f  t h e  s i z e  of t h e  condensed aromat ic  ' . ' 

r i n g  system. 
r e a l i s t i c  l i m i t i n g  v a l u e s  can be p laced  on t h e  l a t te r  two parameters .  

C13 NMR o f f e r s  a method by which fa  c a n  be measured d i r e c t l y  and 

Broadl ine  NMR, f i r s t  observed f o r  t h e  p r o t o n s  i n  c o a l  by Newman, P r a t t ,  and 
Richards5 ,  i s  a means of de te rmining  second moments and m a y ' f o r  very  s imple  mole- 
c u l e s  g i v e  informat ion  on hydrogen-hydrogen d i s t a n c e s .  Values of v a r i o u s  param- 
e t e r s  f o r  t h e  mean s t r u c t u r a l  u n i t s l $ n  c o a l s  have been e s t i m a t e d  from experiment-  
a l l y  determined second momentse3 C NMR h a s  been d e t e c t e d  i n  n a t u r a l  abundance 
f o r  o n l y  a few s o l i d  s u b s t a n c e s ;  the p r i n c i p a l  i n v e s t i g a t o r s  b e i n g  Lauterbur6 ,  and 
Davis and Kurland7.  
by Abragam8 u s i n g  the  method of  .Overhauser  dynamic p o l a r i z a t i o n .  An a t t e m p t  t o  

S o l i d  s ta te  
CI3 NMR s t u d i e s  of CL3 e n r i c h e d  m a t e r i a l s  may g i v e  i n f o r m a t i o n  on carbon-carbon 

) 

O b s e r v a t i o n  o f  t h e  C I 3  resonance i n  g r a p h i t e  h a s  been repor ted  

1 f ind  t h e  C L 3  resonance  i n  s y n t h e t i c  diamond proved u n s u c c e s s f u l 9 .  

, h  
~ , o r  carbon-hydrogen bond dis tances 'O.  

No measurements of  r e l a x a t i o n  t imes  f o r  n u c l e i  i n  c o a l  have been r e p o r t e d  i n  
t h e  l i t e r a t u r e  t o  d a t e  and C I 3  n u c l e a r  r e l a x a t i o n  t i m e s  have been  r e p o r t e d  f o r  
o n l y  two s u b s t a n c e s  c o n t a i n i n g  n a t u r a l l y  o c c u r r i n g  carbon-1311. P r e l i m i n a r y  
measurements of p r o t o n  r e l a x a t i o n  t imes i n  a bi tuminous c o a l  and c13 r e l a x a t i o n  
t imes  i n  a few i s o t o p i c a l l y  e n r i c h e d  m a t e r i a l s  were c a r r i e d  o u t  under  Bureau 
s u p e r v i s i o n  d u r i n g  t h e  c o u r s e  of  t h i s  i n v e s t i g a t i o n .  

"\. ' 

I 

I 
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EXPERWITl'AL 

The h i g h - r e s o l u t i o n  C I 3  NMR s p e c t r a  obta ined  d u r i n g  t h e  course  o f  t h i s  inves-  
t i g a t i o n  were of two t y p e s .  Rapid passage d i s p e r s i o n  mode C13 s p e c t r a  were ob- 
t a i n e d  u s i n g  a Var ian  A s s o c i a t e s  V-43OOC h i g h - r e s o l u t i o n  NMR spec t rometer  o p e r -  
a t i n g  a t  15.085 MHz. 
t i n u o u s  b a s e l i n e , ' a n d  peak shapes and i n t e n s i t i e s  a r e  dependent  upon t h e  d i r e c -  
t i o n  o f  magnet ic  f i e l d  sweep. Thus,  s p e c t r a  are p r e s e n t e d  i n  p a i r s  w i t h  t h e  
spectrum obta ined  w h i l e  sweeping t h e  a p p l i e d  magnet ic  f i e l d  from low t o  high 
va lues  being a t  t h e  top of  each f i g u r e .  Q u a n t i t a t i v e  e s t i m a t e s  of f were d e t e r -  
mined by t h e  method o f  F r i e d e l  and Retcofsky12.  
C L 3  s p e c t r a  were k i n d l y  provided by E. G .  Cummins of  Perkin-Elmer,  Ltd. ,  and were 
obta ined  u s i n g  a n  R-10  s p e c t r o m e t e r .  Values  o f  f were determined d i r e c t l y  from 
e l e c t r o n i c  i n t e g r a t i o n  o f  t h e  s p e c t r a .  

These s p e c t r a  e x h i b i t  asymmetric peaks ,  do not  have a con- 

Time-averaged absor:tion mode 

Broadl ine  C I 3  NMR s p e c t r a  were a l s o  o b t a i n e d  on t h e  Var i an  ins t rument  men- 
t i o n e d  above. The modulat ion and d e t e c t i o n  systems used f o r  t h e  b r o a d l i n e  
s t u d i e s  were components of  a Var i an  V-4500 e l e c t r o n  paramagnet ic  resonance spec-  
t rometer .  

C I 3  magnetic r e l a x a t i o n  t i m e s  were measured from o s c i l l o g r a p h i c  r e c o r d i n g s  
of  f r e e  i n d u c t i o n  decay c u r v e s  ( f o r  T2) and of t h e  NMR s i g n a l  ampl i tude  fo l lowing  
18Oo-9O0 p u l s e  sequences ( f o r  Ti). T h i s  work was gene rous ly  performed f o r  u s  by 
NMFt S p e c i a l t i e s ,  I n c . ,  u s i n g  t h e i r  PS-60-A pulsed  spec t rometer  system. 

RESULTS AND DISCUSSION 

High-Resolut ion S t u d i e s  

Rapid passage d i s p e r s i o n  mode s p e c t r a  of n e u t r a l  o i l s  from c o a l  and l i g n i t e  
a r e  shown i n  f i g u r e s  1 and 2 r e s p e c t i v e l y .  The s i g n a l - t o - n o i s e  r a t i o ,  a l though 
n o t  h igh  and c e r t a i n l y  an impor tan t  l i m i t i n g  f a c t o r  i n  a c c u r a t e  d e t e r m i n a t i o n s  
o f  f i s  remarkably good c o n s i d e r i n g  t h e  low n a t u r a l  abundance o f  C13, and t h e  
compf ix i ty  of t h e  c o a l  d e r i v a t i v e s .  The h i g h e r  a r o m a t i c i t y  of t h e  o i l  from high-  
tempera ture  c r a c k i n g  of  t h e  c o a l  c a r b o n i z a t i o n  product  i s  r e a d i l y  apparent  from 
t h e  s p e c t r a .  A r o m a t i c i t i e s  f o r  t h r e e  n e u t r a l  o i l s  were e s t i m a t e d  u s i n g  t h e  c a l i -  
b r a t i o n  procedures  r e p o r t e d  p r e v i o u s l y .  The r e s u l t s  a r e  g iven  i n  t h e  t a b l e  below 
and compared w i t h  f a ' s  e s t i m a t e d  from p r o t o n  NMR d a t a  by t h e  Brown and Ladner4 
method. 
c o a l )  areshown i n  f i g u r e  3. The s i g n a l - t o - n o i s e  r a t i o  h e r e  i s  c o n s i d e r a b l y  worse 

S p e c t r a  o f  a CS2 e x t r a c t  of c o a l  ( r e p r e s e n t i n g  3% t o  5% of  t h e  whole 

due t o  t h e  presence  o f  a l a r g e  amount of  t h e  CS2 s o l v e n t .  
mined from C I 3  NKR is  0.6. 

A r o m a t i c i t i e s  of N e u t r a l  O i l s  

Source C/H 

800" C c r a c k i n g  of a h igh - t empera tu re  
c o a l  c a r b o n i z a t i o n  product  1.05 

700" C c r a c k i n g  of a low-temperature  
c o a l  c a r b o n i z a t i o n  product  ' '0 .86 

' 

D i s t i l l a t i o n  of a l i g n i t e  c a r b o n i z a t i o n  
product  0.64 

The f a  v a l u e  d e t e r -  

H L  

0.83 

0.68 

0.38 

fa  
c13 

0.78 

0.70 

0.39 
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1i;Lire 1. :13 magnetic resonance spectra of neutral oil from 8OO0C 
cricking of condensed tar from High Splint Coal. 

1. ::g,re 2 .  c13 magnetic resonance spectra of n e u t r a  o i l  from 
distillation of  Sandow Lignite T a r .  
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Figure 3. C" magnetic resonance spectra of carbon disulfide extract 
of Pittsburgh Seam Vitrain. 
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Figure 4. Absorption mode $3 magnetic resonance spectrum of coal tar. 
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The d i s a d v a n t a g e s  i n  t r y i n g  t o  o b t a i n  q u a n t i t a t i v e  v a l u e s  of f a  from r a p i d  

N e v e r t h e l e s s  it must be remembered t h a t  
passage  d i s p e r s i o n  mode C I 3  spectra a r e  obvious  from f i g u r e s  1 and 2 and have been 
i n d i c a t e d  i n  t h e  foregoing  d i s c u s s i o n .  
t h i s  i s  the f i r s t  d i r e c t  method f o r  de te rmining  t h i s  h e r e t o f o r e  very  e l u s i v e  s t r u c -  
t u r a l  parameter .  With t h e  advent  of  t h e  t ime-averaging  computer and i t s  success-  
f u l  a p p l i c a t i o n  i n  NMR exper iments ,  t h e  t i m e  i s  now h e r e  t h a t  h i g h l y  
reasonably  a c c u r a t e  f a  v a l u e s  can he o b t a i n e d  from a b s o r p t i o n  mode C I g  NMR s p e c t r a .  
That  i s ,  s p e c t r a  can be o b t a i n e d  .under c o n d i t i o n s  s i m i l a r  t o  t h o s e  used i n  pro ton  
LNZ. Such a spectrum o b t a i n e d  from n e a r l y  1,000 s c a n s  o f  t h e  C I 3  s p e c t r a l  
reg ion  i s  shown i n  f i g u r e  4 f o r  t h e  CS2-soluble  material  of  c o a l  t a r .  
va lue  can  be g o t t e n  d i r e c t l y  from t h e  i n t e g r a l  reproduced a l o n g  w i t h  t h e  spectrum. 
The p o t e n t i a l  of t h i s  technique  i n  c o a l  s t r u c t u r e  r e s e a r c h  i s  a n  e x c i t i n g  one and 
::ill be pursued i n  o u r  l a b o r a t o r y .  

broad 1 i n e  WIR 

r e c i s e  and 

The f a  

'The  C L 3  NMR spectrum o f  . a n  i s o t o p i c a l l y  e n r i c h e d  amorphous carbon produced 
by tile 1000" C r e d u c t i o n  of  C1302 i s  shown, in  f i g u r e  5 .  
handdrat.:n u s i n g  6 a c t u a l  s p e c t r a  a s  g u i d e s .  
c e n t .  The peak t o  peak l i n e w i d t h  i s  5 . 2  gauss  and t h e  second moment was measured 
t o  be 6 . 0  g u a s s 2 .  
found f o r  barium c a r b o n a t e  (around 1 .O  gauss)  i n  which d i p o l e - d i p o l e  i n t e r a c t i o n s  
a r e  e s s e n t i a l l y  n e g l i g i b l e  and t h e  wid th  i s  determined p r i m a r i l y  by t h e  chemical  
s h i f t  an iso t ropy '  o f  t h e  carbonate  an ion .  

Pulsed XNR 

The spec t rum shown i s  
I s o t o p i c  enr ichment  i s  afound 55 per -  

The s p e c t r a l  l i n e w i d t h  of t h e  carbon can be compared t o  t h a t  

Tile CL3 e n r i c h e d  carbon was a l s o  examined by pulsed  NMR t e c h n i q u e s .  Room 
tempera ture  measurements of t h e  s p i n - l a t t i c e  r e l a x a t i o n  t i m e  (T1) and t h e  s p i n -  
s p i n  r e l a x a t i o n  time (T2) y i e l d e d  t h e  v a l u e s  360 m i l l i s e c o n d s  and 80 micro-  
seccnds r e s p e c t i v e l y .  The f r e e  p r e c e s s i o n  decay  curve i s  shown i n  f i g u r e  6 .  One 
impor tan t  c o n c l u s i o n  t h a t  c a n  be made from t h e s e  measurements i s  t h a t  t h e  t r a n s -  
m i t t e r  power Level used f o r  o b t a i n i n g  t h e  b r o a d l i n e  NMR spectrum w a s  low enough to  
avoid s a t u r a t i o n .  Thus t r u e  l i n e  shapes a r e  observed .  
!le 2 7  seconds and 13 seconds r e s p e c t i v e l y  f o r  t h e  carbonyl  carbon i n  55% CI3 en-  
r i c h e d  l i q u i d  a c e t i c  a c i d .  
c a r t o n  c o a l  a r e  50 microseconds (T1) and 9 microseconds (T2). 

TI and T2 were found t o  

I n  c o n t r a s t  t h e  pro ton  r e l a x a t i o n  t i m e s  i n  a n  84% 

CONCLUSIONS 

The  carbon-13 NMR r e s u l t s  d e s c r i b e d  h e r e  i l l u s t r a t e  t h e  f i r s t  a p p l i c a t i o n  
o f  t h e  technique  t o  c.oal d e r i v a t i v e s .  The p o t e n t i a l  o f  t h e  t e c h n i q u e s  d e s c r i b e d  
i s  n e a r l y  u n l i m i t e d  and p o s s i b l y  much more i n f o r m a t i o n  t h a n  t h a t  d e s c r i b e d  h e r e  
v i 1 1  be obta ined .  
t h e  c h a r a c t e r i z a t i o n  of carbonyl  groups.  Such groups a r e  thought  t o  be 
p r e s e n t  i n  c o a l .  The most r e c e n t  exper imenta l  t e c h n i q u e s  involve  t h e  use  of 
time averaging  computers ,  i n s t r u m e n t s  which a r e  a t  t h i s  time beginning  t o  appear  
on  t h e  work bench of  many i n d u s t r i a l ,  government, and academic r e s e a r c h  l a b o r a -  
t o r i e s .  
i n  t h e  accumulat ion o f  - s p e c t r a l  d a t a .  
a p y l i e d  a s  NMR of  o t h e r  n u c l e i  such a s  Hl and F19, t h e  i n f o r m a t i o n  o b t a i n e d  from 
C NMR may be much, much more impor tan t .  

F o r  example, C I 3  h a s  been shown t o  b e  a v e r y  u s e f u l  t o o l  f o r  

The main d i s a d v a n t a g e  t o  C13 NMR spec t roscopy i s  t h e  l o n g  times involved 
Thus,  a.l.though i t  may n o t  become a s  widely 



7ig-t j. C I 3  magnetic resonance spectrum of a m o ~ h ~ u s  carbon. 
(55$ enriched i n  carbon-13) 

Figure 6. Free induction decay curves f o r  amorphous carbon. 
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Spin Echo Nuclear Magnetic Resonance Studies of Fast  Chemical Reactions 

T. Alger, H. S. Gutowsky and R. L. Vold 

University of I l l ino is ,  Urbana, I l l i n o i s  

Since the original work of Gutowsky; McCall and Slichter' i n  1953 high 
resolution nuclear magnetic resonance has developed in to  a useful tool f o r  
studying fast chemical reactions i n  l iquids. .  These reactions occur i n  systems 
a t  dynamic equilibrium and involve rapid, reversible transfer of nuclear spins 
between magnetically non-equivdent environments. For example, intermolecular 
nydroxyl proton t ransfer  i n  ethanol, 'ring inversion i n  cyclohexane, 
in te rna l  rotation i n  N,N-dimethylacetamide* have all been studied by high resolution 
NMR methods. 
Conno? and by Johnson.= 

and hindered 

U s e m  reviews of such studies have been made by Irowenstein and 

If the ra te  at which spins t ransfer  between non-equivalent magnetic envir- 
onments o r  "s i tes"  i s  less than the  difference between the resonant frequencies 
of the s i tes ,  separate resonance l i nes  are observed i n  the spectrum. 
exchange rates,  the spins experience an average resonant frequency, and the 
resolved l i nes  are collapsed; one o r  more l i n e s  are observed a t  the average 
resonant frequencies. 
temperatures, it i s  possible t o  obtain the temperature dependence of the exchange 
r a t e  constant. 

For faster 

By analysis of the de t a i l s  of the lineshape at various 

High resolution NMR has been used f o r  many years t o  measure exchange rates; it 
i s  the purpose of t h i s  paper t o  discuss the recently developed spin echo method, 
wnich depends on measuring the  spin-spin o r  transverse relaxation ra te .  The 
transverse relaxatian r a t e  is measured most conveniently by the Carr Purcell 
method (see  Fig. 1). 
resolution NMR i s  replaced by a much s tmnger  osc i l la t ing  f i e l d  which i s  turned 
on only i n  short bursts o r  pulses with duration of a few microseconds. 
pulse, applied at time zero, instantaneously t i p s  the  nuclear magnetization in to  
a plane perpendicular t o  the constant magnetic f i e l d  (xy plene). 
zation, as viewed i n  a coordinate system rotating at the average larmor fre- 
quency, depnases because the constant field is not perfectly homogeneous and spins 
in  different parts of the sample precess a t  d i f fe ren t  ra tes .  The r e s t  of the 
pulses, applied a t  times J, 3'1, 5'1, etc., f l i p  the magnetization by 180°, and 
cause the magnetization t o  refocus and form spin echoes a t  times a, 4.r, 6.r e tc .  
The decay of the envelope of echo m a x i m a  is independent of magnetic f i e l d  inhom- 
geneity, and i t s  time constant defines the transverse relaxation time. 

The weak, continuous, osc i l la t ing  magnetic field of high 

The f i rs t  

The magneti- 

It i s  reasonable tha t  t ransfers  of spins between different sites should 
affect the relaxation r a t e  as w e 3 1  as the  high resolution lineshape. 
magnetically non-equivalent s i t e s  precess at different rates around the constant 
magnetic f ie ld ,  and since individual spin transfers occur at random times, t he i r  
macroscopic effect  is t o  cause an additional &phasing of the  magnetization; a 
f a s t e r  relaxation r a t e .  The amount of dephasing which occurs depends on the 
exchange r a t e  (average time which a spin spends precessing i n  one s i t e  o r  the 
other), on the chemical. s h i f t  between the  sites (difference i n  precessional 
frequency), and on the spacing of the 180' refocussing pulses. 
parameter affects the  amount of dephasing because it determines the length Of 
time i n  which the spins can dephase before being refocussed. 

Spins in  

The l a t t e r  

The dependence of observed relaxation r a t e  upon rf pulse spacing forms the 
basis of the  spin echo method of determining exchange ra tes .  For exchange ra tes  
which are l e s s  them the chemical shift, the observed relaxation rate a t ta ins  8 
limiting value a t  long pulse spacings which depends on the r a t e  constant f o r  
exchange but not the chemical shif't. A t  short  pulse spacings, the observed 
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relaxation ra te  approaches another l i m i t  which i s  independent of the chemical 
exchange ra te .  A t  intermediate pulse spacings, the relaxation r a t e  is somewhere 
between these limiting values. 
r a t e  upon pulse spacing, it is  possible to obtain values f o r  the r a t e  constant, 
chemical shift, and relaxation r a t e  i n  absence of exchange. 

Figure 2 shows some relaxation curves, o r  graphs of relaxation r a t e  versus 
inverse pulse spacing, obtained by Allerhand and Gutowsky7 f o r  N,N-dimethyltri- 
chloroacetamide. 
the C-N bond, which exchanges the non-equivalent methyl groups. 
the relaxation r a t e  depends strongly upon pulse spacing, but at higher temperatures 
the relaxation ra te  appears to  become independent of pulse spacing. This behavior 
is due t o  the f a c t  t ha t  at higher temperatures the exchange r a t e  i s  larger, and it 
i s  not possible i n  practice to reduce the pulse spacing suf f ic ien t ly  t o  prevent 
dephasing . 

By analysis of the dependence of relaxation 

In t h i s  wlecule  the  r a t e  process is  hindered rotation around 
A t  low temperatures 

For simple systems such as N,N-dimethyltrichlomaetemide the  spin echo 
method appears t o  be superior t o  high resolution NMR methods of measuring exchange 
ra tes .  
contributions comparable to the t rue  "natural linewidth" (without inhomogeneity 
broadening) can be measured. 
usually yields values f o r  the chemical shift at each temperature as well as the 
r a t e  constant. 
dependence of the chemical s h i f t  can r e su l t  i n  large errors, par t icu lar ly  i n  the 
entropy of activation .' 

A larger temperature range i s  experimentally accessible since exchange 

In  addition, analysis of the relaxation curves 

This i s  important because an undetected and uncorrected temperature 

These advantages of the spin echo method make i t s  extension t o  more com- 
plicated systems a potentially useful theory. 
t o  calculate spin echo amplitudes f o r  an a rb i t r a r i l y  complicated spin system, 
including homo- and heteronuclear spin coupling as well as chemical exchange 
processes.' In practice even large computers require two or  three minutes t o  
calculate relaxation curves f o r  systems witn about twelve l ines  i n  t h e i r  spectra; 
t h i s  appears t o  be the current practical  l i m i t  of complexity. 

To date, it i s  possible i n  principle 

Ethanes which have been substituted with four o r  f ive  chlorine o r  bromine 
atoms provide a quite stringent t e s t  of the spin echo method. 
high barriers to internal rotation about the C - C  bond i n  these molecules,10 and 
f o r  unsymmetrically substituted molecules there are three different rotational 
isomers, each of which may involve spin coupling. The effect  of homonuclear 
spin coupling is t o  introduce scrmg modulation of the echo train,  and it is  
then not feasible t o  define a transverse relaxation r a t e  (see Fig.  3 ) .  
nuclear spin coupling i s  usually not observable i n  C a r r  &cel l  spin echo 
experiments unless the coupled nuclei are involved in  an exchange process. Even 
i n  t h i s  case the heteronuclear spin coupling does not produce modulations, it con- 
t r ibu tes  t o  the effective chemical s h i f t s  of the exchanging nucleis (see Fig. 4 ) .  

There are relatively 

Hetero- 

I 
I n  1,l-difluoro-1, 2-dibromodichloroethaneJ there are two possible exchange 

processes: between the rotamer with bromine atoms i n  a trans conformation and 
e i ther  of the d,d pa i r  of "gauche" rotamers, and between the two gauche rotamers. 
Homonuclear spin coupling between fluorines i n  thegauche rotamers is observable 
because the two fluorines are non-equivalent in  t h i s  case. The low temperature 
spin echo t r a i n s  therefore show characterist ic modulation pa t te rns l l  ( see Fig. 3 )  . 
I n  agreement with theory, the de t a i l s  of the moduletion depend on the rf pulse 
spacing. 

A t  temperatures above about -6OOC the modulation disappears and the echo 
t r a ins  become exponential. 
rapid t o  "average out" effects of coupling. 
temperature would show a single, broad featureless l i ne .  
r a t e  depends upon rf pulse spacing UP t o  about -2OoC, and the (dependence can be 

This i s  because the  chemical exchange i s  sufficiently 

The 'apparent relaxation 
A high resolution NMR spectrum a t  tn ie  
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analysed t o  yield values of the f r ee  energy bar r ie r  f o r  gaucktrans internal  
rotation (11.0 kcal/mole) and, f o r  gauch-gauche in te rna l  rotation (12.0 kcal/mole) . 

For l-fluoro-l , l ,  2,2-tetra.chloroethane, only one exchange process i s  
observable by magnetic resonance: the interchange of the mtamer with hydrogen 
and f luorine i n  a trans conformation with e i ther  of the magnetically equivalent 
"gauche rotamers". 
served echo t r d n s  should be a sum of two contributions, each corresponding t o  a 
two s i t e  exchange process.12 The two processes occur at the same rate  but with 
different  effective cnemical sh i f t s ,  given by tlne t rue proton chemical s h i f t  
between gauche and t rans  rotamers, plus o r  minus one half  the difference of the 
heteronuclear coupling constants for each ro tmer .  A t  the f i e l d  strengths used 
(corresponding to  proton resonance a t  26.8 and 17.7 MHz) the chemical s h i f t  i s  
s m a l l ,  and the two effect ive chemical. sh i f t s  are equal, and independent of f i e l d  
strength (see Fig. 4 ) .  
conversion of the gauche and trans ro tmers  w a s  found t o  be about 8.7 kcal/moie. 
It i s  less than the b a r r i e r s  found in  CF2BrCCkBr because i n  tne former compound 
the activated complex involves eclipse of smaller atoms than i n  the l a t t e r .  

It Ls e$y t o  show t h a t  for  spin echo experiments, the  ob- 

I n  t h i s  compund the free energy bar r ie r  for  inter-  
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SOME SPECTRAL OBSERVATIONS ON TWO COKING LIGNITES 

R.M. Elofson and K.F.  Schulz 
Research Counci I of AI berta 

Edmonton, AI berta 

1 NTRODUCTION 

Berkowitz? and Berkowitz and Schein" first drew attention to  the abnormal properties 
of a hard black lignite from the Sharigh region of Pakistan. These properties included a low 
heat of wetting of about 5 CUI ./g. in  methanol, a low inherent moisture content of 1.7%, and 
caking properties corresponding to a free swelling index of 5 to  5 1/2. Since these properties 
occurred in a coal with a carbon content of about 75% (daf) they were considered atypical and 
were attributed in part to unusual tectonic conditions occurring in  the early stages of the formation 
of the coal. These were postulated to be of such a nature as to produce the low pore volume 
characteristic of the British medium volatile bituminous coals. Subsequently Kreulen3 examined 
another lignite from Rosa i n  lstria (Yugoslavia), and noted a high swelling index of 9 ,  a low 
inherent moisture content, and a high sulfur content of 1 1  .O%, again with a low carbon content 
of 74.8%. Kreulen drew attention to the fact that i f  the carbon and sulfur contents are added 
together the result, about 86%, i s  equal to the carbon content of "normal" high swelling coals. 

Both of these coals, together with a number of Alberta coals, have been examined in  
our laboratories by means of infrared spectroscopy and electron spin resonance techniques. In 
the case of the lignites another property of coking coals, the formation of chloroform-soluble 
material upon shock heating to about 4OO0C4, has also been examined. Analyses of these coals 
on a dry-ash-free basis are presented in  Table I. 

RESULTS 

Infrared spectra were prepared using the potassium-bromide pellet technique and 
the absorption patterns for the variws coals are presented i n  Figure 1 for the long wavelength 
region, 
bands t 3  near 740, 810, and 870 cm.- l  normally associated with coals with carbon contents of 
greater than 85%. Moreover, the pattern i s  stronger for the strongly swelling Rasa coal, FSI 9, 
than for the Sharigh coal, FSI 5.0 - 5 . 5 .  

These spectra show that both the Rosa and the Sharigh lignites have the three characteristic 

These three bands have been associated with out-of-plane deformation vibrations 
of one, two, and four adjacent aromatic CH groups respectively7. The absence of these absorptions 
in normal lignites and subbituminous coals i s  an indication that in  these materials the aromatic 
lamellae are heavily substituted and crosslinked. As a result, heating does not produce plasticity 
and related swelling. In bituminous coals the aromatic systems are less substituted and crosslinked 
as indicated by the presence of the three infmred absorption bands. 
the development of the plasticity behavior of coking coals. In the coking lignites the presence 
of these bands indicates that despite their low carbon content, the aromatic lamellae are sufficiently 
free of crosslinking to produce a product that i s  thermoplastic. In other words, the various ring 
systems can decompose in  such a manner as to produce lamellae that, upon heating, can move 
about relative to each other. It should be noted that these bands are strong in  anthracites as well 
but because of the growth of the lamellaeB the attractive forces between lamellae are too strong 

Heating therefore results in  
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to  allow movement so that there i s  no thermoplasticity. 

Closely related to the aromatic substitution pattern of bituminous coals as an indication 
of mobile lamel lae i s  the development of considerable chloroform-soluble material upon shock 
heating these coals to the vicinity of 400OC. Again, the lack of crosslinking in the bituminous 
coal and the resultant need to break fewer bonds to produce thermoplastic polymers i s  indicated. 
Application of this test to  the Sharigh and Rasa lignites produced the results shown in  Figure 2. 
For comparison results are also shown for a subbituminous coal (Drumheller) and for a normal 
coking coal (Michel). It i s  readily seen that the coking lignites resemble the normal coking coal 
and not the subbituminous coal of comparable carbon content to the lignites. The peak in  the 
plot of chloroform extractibles for the Rasa coal i s  much broader and OCCUK at a lower temperature 
than those of the other cools. I t  i s  apparent that the low molecular weight thermally produced 
material, which presumably acts as a plasticizing agent, produced in these lignites i s  similar.to 
that from normal bituminous coal. This confirms the lack of crosslinking i n  these lignites in 
agreement with the infrared results. 

The e.s.r. signals of the two lignites in  question and of a number of Alberta coals 
were measured using a Varian Model 4500 electron paramagnetic resonance spectrometer fitted 
with 100 KC modulation. About 10 mg. of dry coal was placed in  a glass tube and evacuated 
to  
The number of spins observed i n  the coking lignites i s  in the lower range observed for coals of 
comparable carbon contentsg and much below that observed for normal coking coals. Accurate 
measurements of the g-values obtained by using a dual sample cavity showed that the three higher 
rank cools (Luscar, Michel, and Conmore) had g-values close to 2.0031 and the three lower rank 
coals (Wabamun, Drumheller, and Lethbridge) had g-values of 2.0036 to 2.0037. The coking 
lignites again resembled the low rank coals in  having high g-values. The signals for the Pakistan 
lignite and two of the bituminous coals are distinctive in  having dual peaks, Figure 3. The weak 
narrow signal i s  reversibly suppressed by the presence of oxygen. The g-values of the narrow 
signals in  a l l  cases was close to 2.0030 regardless of the position of the main signal. Since signals 
sensitive to oxygen are characteristic of material heated to temperatures i n  excess of 50OOC these 
results suggest that charred material from local heating or very severe tectonic conditions might 
have been the source of the narrow signals. 

rnm. for 1 hour. Measurement of the e.s.r. signals produced the results shown i n  Table II. 

DISCUSSION 

The infrared spectra and shock heating experiments show quite definitely that the 
chemical structures of the coking lignites are responsible for the swelling properties of the two 
coals. Basically this is because the degree of crosslinking of the aromatic lamellae as indicated 
by the infrared absorption bonds i s  quite low. Lack of polar functional groups accounts in  part 
for the low moisture content and the so-called "liquid" structure and resulting low porosity accounts 
for the low heat of wetting. 

The problem remains of deciding whether the lignites have these properties because * 

,of unusual starting material -both coals are high i n  sulfur -or because of unusual tectonic conditions 
or both. /' 

1 
The e.s.r. results which include low numbers of spins and high g-values are similar 

to the results for the low rank coals and in contrast to the results for the high rank coals. However, 
shifts in g-value of this magnitude result chiefly from atomic spin orbit coupling of atoms such as 
oxygen10. Thus the g-values of the coking lignites may be high simply because the free radicals 

I 
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are associated with moieties containing sulfur which cause an even larger g shift than oxygen atomsll. 
The narrow signal present in the Sharigh lignite may be indicative of severe tectonic conditions 
to which we know the Luscar and Michel coals were subjected. , 

I 

The lack of substitution of the aromatic lamellae indicated by the infrared results ’ 
1 

\ 
’ 

1 
’/ 

suggests that breaking of weak sulfide bridges i s  not responsible far thermoplasticity. This i s  i n  
agreement with the findings of lyengar et.al. l a  who found no sulfide linkages in  Sharigh lignite 
by oxidation studies. This indicates that sulfur seems to be to quite a large extent in the heterocyclic 
aromatic donor or quinonoid acceptor structures the interaction of which i s  responsible for the 
free radical signals’”. This suggestion i s  in agreement with the finding of Kavcic of 70% of the 
S in Raso coal o‘ccurring in ring structuresl4. 

I 

r 
The low number of spins in the coking lignites compared with normal bituminous coals 

may be a result of the sulfur content. That i s  sulfur may be a poorer donor compared to carbon 
or a weaker acceptor compared to oxygen and charge transfer complexes are as a result weaker. 
This point i s  supported by the light color of the Rasa coal. 

On balance the infrared and e.s.r. evidence suggests that these lignites were subjected 1 
1 to fairly severe tectonic conditions. Because of the unusual constitution of the starting material, 

a low carbon content resulted but with the aromatic structures resembling a normal bituminous 
coal as revealed by the infrored evidence. 

I 
‘ 
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TABLE I 

Analyses of Coals 

% - d.a.f. 

C H N 5 Coal 

Rosa 
Sharigh 
Wabamun 
Drumheller 
Let h bridge 
Michel 
Luscar 
Canmore 

75.0 5.71 1.7 11.22 
75.80 6.08 1.7 4.15 
75.9 4.7 - 0.1 
75.9 5.1 2.0 0.6 
79.7 5.6 2.5 0.9 
89.1 5.2 1.4 0.4 
90.6 5 .O 1.3 0.2 
91.5 4.4 1.9 0.6 

TABLE I I  

E.S.R. Spectro of Coals 

t 
g -Val ue spins/g . width 

(in vacuo) (in vacuo) (oersted) Coal 

Rosa 2.00395 3.8 x 101' 6.9 

2.00381 Broad 4.3 x 10'8 7.9 
2.00288 Narrow 4 x 10'6 1 .o 5 hari g h 

Wabamun 2.00372 1 .1  1019 7.1 

Drumheller 2.00360 7.5 x l0l8 6.3 

Lethbridge 2.00370 1.8 1019 7.5 

2.00304 Broad 1.5 1019 6.5 
2.00285 Narrow 2.2 1017 0.8 

2.00310 Broad 1.1 1019 4.7 
2.00310 Narrow 2.4x  1017 0.5 Luscar 

Conmore 2.00317 1.6 1019 4.7 

Michel 
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Fig.3. Electron spin resonance spectra 
of Shorigh lignite. 
(A) spectrum from the sample 
in air; 
(B) spectrum from the sample in 
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ELECTRON SPIN RESONAfKE OF PETROLEUM ASPHALTICS 

BY 

Teh Fu Yen, Edmund C. Tynan and George B. Vaughan 
Mellon Institute, Pittshurgh, Pa. 15215 

and 

Laurence J .  Boucher 
Chemistry Department, Carnegie Institute o f  Technology 

Introduction 

A considerable body of information about the Electron Spin 
Rtsonance (ESR) properties of petroleum asphaltenes has developed dur- 
ing the past few years. 
measurements are Ng, the number of unpaired spins per gram O f  material; 
[ A I ,  the electron-nuclear spin coupling constant; and g, the effective 
Land: g-Factor for the unpaired electron spins. 
already known, and the addition of new data may both clarify the 
present state of understanding of asphaltene ESR and stimulate 
further research in this area. 
here may be divided into two parts: 
radical ahsorption, and (2) measurements of the ESR absorptions dlle 
to natiiral l y  occurring vanadiiim and synthetlc vanadillm chelates 

Among the basic parameters obtained by ESR 

(A review o f  what is 

The ESR studies briefly considered 
( 1 )  measurements of the free 

Nature of  Free Radical 

The asphaltic fraction of petroleum has been found to 
yield a single ESR resonance near a g-value of 2.00('J2J5). 
most asphaltics the line shape is between Lorentzian and Gaussian. 
The inhomogeneous broadening characteristics indicate that, in addition 
to dipolar interactions, the magnetic electron interacts with hydrogen 
or  other nuclei to produce multiplet line structures. The apparent 
absence of flne structures in the radical absorption appears to be 
the result of a superposition of many such multiplets. The g-values of 
most asphaltics fall in the narrow range of 2.0027-2.0036. The dif- 
ferences between measured g-values and the g-value of a free electron 
(ge), Ig - gel, are shown in Fig. 1 for s i x  native asphaltenes and a 
variety of other types of free radicals. It may be deduced that the 
unpaired spins in asphaltene do not appear to belong to the semiquinone 
or the radical ion families. However, they are close to neutral 
radicals, in contrast t o  the radicals in coals and L-forms of carbons 
which are semiquinonee(1). 

For 

i 

, 
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Intensity measurements are usually troublesome, but when 
properly done with suitable modulation amplitude and correct power 
levels (not causing saturation), the s p i n  concentration, Ngr can be 
used as a basis for differentiating or classifying different asphaltic 
samples. 
different sources: 
5 hrnt-treated a~phaltenes(~), 3 carbenes, 4 cokes and one lithium- 
reduced asphaltene. 
for these materials is apparently linearly related to log Ng. 
data indicate that the free radical sites of these materials are associated 
with the aromatic moities of the a phaltic skeleton. Present findings 
confirm the previous observatinn(l! t a different families o f  carbonaceous 
substances, e.g., asphaltenes, resins?6!, coals, and carbono, show a 
characteristic slope and intercept when their fa values are plotted 
against Ioe. Ng. 

Figure 2 displays the Ng data for 11 native asphaltenes from 
2 native gilsnnite asphaltenes, 3 refinery asphaltenea, 

Aromaticity, fa, 413 obtained f r o m  x-ray analyrls(5) 
These 

No effects on Ng were observed due to the action of light, 
oxygen or solve r ; however, these factors do affect the spin-lattice 
relaxation timeY77. The free radical specie f asphaltics are stable, 
in contrast to coal hydrogenation asphaltenet87. 
that the color intensity of asphaltics, i.e., the integrated intensity 
obtained by absorption spectrometry over the 600-800 q region also in- 
creases with the ESR intensity (Fig. 3). These data indicate that the 
free radical is stabilized by the resonance of the delocalized n-system 
in the asphaltic structure. 

Vanadium Unpaired Spin 

Further, it was found(1) 

Most asphaltics contain vanadium in concentrations ranging 
from 6000 to less than 1 ppm. Common valence states of vanadium are 
+2, +3, +4, and +5. The +5 state is diamagnetic. The 13 state, al- 
though paramagnetic, is usually not observable by ESR due to internal 
electric field effects. Both the +2 and the +4 states can, however, 
be detected at room temperature. 
Vt2 is unstable and easily oxidized. The +4 state requires a non-cubic 
field for ESR observabil't and this is fulfilled by the oxovanadium 
(IV) VO+2 type complexest9~[ The vanadium 51 nucleus (-1oO$ abundance) 
has a nuclear spin 7 / 2 ,  and so a magnetic electron coupled to it can 
exhibit an absorption spectrum of either 8 symetric lines (isotropic 
case), or 8 unsymmetric lines (anisotropic case: 
perpendicular features in the first derivatlve of the spectrum). 

In contrast to oxovanadium (IV), 

8 parallel and 8 

For native asphaltenes in general a 16-feature anisotropic 
spectrum has been observed for this dl system in either solid form 
or in solution in non-polar organic solvents (Fig. 4). Assignment of 
the absorption lines is in general agreement with the assignment for 
the axial synunetry case as described previously by O'Reilly(10). 

The format liphs, and with multi-amplitude recordings (F ig .  5 ) .  The line 
positions of the vanadium resonance.for nine different asphaltenes 
have recently been measured and are shown in  Pig. 6. When compared 
with a eample of vanadyl etioporphyrin I ,  whoee line poeitions are also 

ositions have been carefully examined in a second derivative 
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siwwn i n  Fig. 6, a number o f  a d d i t i o n a l  l i n e s  are observed f o r  t he  
a spha l t enes .  Whether t h e  a d d i x i o n a l  l i n e s  r e p r e s e n t  o t h e r  paramagnetic 
s p e c i e s  OK o t h e r  s t r u c t u r a l  environments f o r  t h e  vanadium i n  t h e  a s p h a l t e n e  
samples i s  s t i l l  unknown. However, such  a d i f f e r e n c e  is u s e f u l  i n  
q u a l i t a t i v e l y  d i f f e r e n t i a t i n g  a s p h a l t e n e s  from d i f f e r e n t  sou rces .  

Another e m p i r i c a l  c r i t e r i o n  f o r  d i f f e r e n t i a t i n g  among a s p h a l -  
t e n e s  i s  obta ined  by measuring t h e  spac ings  of t h e  g , , f ea tu re s :  
211 - 11, and 811 - 7,,. T e n t a t i v e l y ,  two parameters  can be de r ived  
(Table  I ) ;  one i s  t h e  A l l  v a l u e  which i s  t h e  ave rage  spac ing  o f  t h e  
p a r a l l e l  f e a t u r e s ,  and  the  o t h e r  i s  t h e  d i f f e r e n c e  o f  t h e  spac ings ,  
A, r e p r e s e n t i n g  a second-order  e f f e c t  a r i s i n g  because of t h e  dependence 
of t h e  spectrum on t h e  s t r e n g t h  o f  t h e  e x t e r n a l  magnet ic  f i e l d .  The 
r e a l  meaning o f  t h e  l a t t e r  q u a n t i t y  has  no t  y e t  been f u l l y  explored ,  
bu t  it is thought  to  r e p r e s e n t  d e v i a t i o n s  from a x i a l  symmetry. It 
appea r s  t h a t  a11 a s p h a l t e n e s  s t u d i e d  h e r e  have a x i a l  symmetry except  
i o r  t h e  samples from Bachaquero (CY) ,  B a x t e r v i l l e  (GS), and Wafra A-1. 
Since  both  t h e  A,, and A v a l u e s  of Bachaquero (CY) a s p h a l t e n e  d i f f e r  
Lrom t hose  o f  Wafra A-1 a s p h a l t e n e ,  i t  might be expec ted  t h a t  t h e r e  would 
be  a s t r u c t u r a l  d i f f e r e n c e  between t h e  two a s p h a l t e n e s .  Analys is  of t h e  
a n i s o t r o p i c  spec t rum o f  t h e  a s p h l t e n e s  t o  y i e l d  complete v a l u e s  of 81, 
g , ,  and AL , A,, i s  h inde red  by ove r l app ing  l i n e  s t r u c t u r e s  and t h e  
d i f f i c u l t y  of c o n v e r t i n g  t h e  spec t rum i n t o  an i s o t r o p i c  one: 

Conversion o f  an a n i s s t r o p i c  spectrum ("bound") o f  t h e  vanadium , 

i n  a spha l t ene  i n t o  a n  i s o t r o p i c  spec t rum (" f ree")  can be e f f e c t e d  by 
d i s s o l v i n g  t h e  a s p h a l t e n e s  i n  a p o l a r  s o l v e n t  such a s  benzyl n-butyl e t h e r  
t e t r a h y d r o f u r a n  o r  d iphenylmethane  and h e a t i n g  a t  an e l e v a t e d  t empera tu re ( i2 ) .  
Such a convers ion  i s  r e v e r s i b l e .  From t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  
i s o t r o p i c  and a n i s o t r o p i c  s p e c t r a  t aken  a t  d i f f e r e n t  tempera tures ,  t h e  
d i s a s s o c i a t i o n  energy  can b e  ob ta ined .  For a g i v e n  a s p h a l t e n e ,  i d e n t i c a l  
energy  va lues  have been  observed  r e g a r d l e s s  o f  t h e  s o l v e n t  system. 
energy  va lues  o f  t h r e e  a s p h a l t e n e s  a r e  g i v e n  i n  Tab le  11. 
sugges t  t h a t  t h e  observed  "bound" vanadium is a s s o c i a t e d  wi th  t h e  asphal -  
t e n e  molecule ,probably  with t h e  a romat i c  p o r t i o n .  The f a c t  t h a t  t h i s  
"a s soc ia t ed"  or "bound" t y p e  o f  vanadium becomes d i s a s s o c i a t e d  i s  f u r t h e r  
suppor t ed  by d i l u t i o n  s t u d i e s  i n  a g iven  s o l v e n t  system. In d i l u t e  
s o l u t i o n s  (-0.4 W t .  $) a n e a r l y  i s o t r o p i c  " f r ee"  t y p e  of spectrum w a s  

The 
These r e s u l t s  

observed .  I n  s o l v e n t s  w i t h  d i f f e r i n g  b a s i c i t i e s  t h e  vanadium-containing 
a s p h a l t e n e  u s u a l l y  shows some i n d i c a t i o n s ,  though small, of t h e  i s o t r o p i c  
vanadium ESR a b s o r p t i o n s  even a t  room tempera ture .  
ness of s o l v e n t s  f o r  producing  t h e  " f r ee"  vanadium s p e c i e s  may be ranked 
as fo l lows:  d iphenylmethane  < benzyl  n - b u t y l e t h e r  < 1-e thy lnapb tha lene  
< benzene < n i t r o b e n z e n e  < p y r i d i n e  < t e t r a h y d r o f u r a n .  

The r e l a t i v e  e f f e c t i v e -  

N i t rogen  Supe rhype r f ine  S p l i t t i n g s  ( s . h . f . 1  

The l i t e r a t u r e  i n d i c a t e s  no n i t r o g e n  s . h . f .  f o r  t h e  oxovanadium 
( I V )  i n  a q u a d r i d e n t a t e  n i t r o g e n  l i g a n d  except  f o r  t h e  c a s e  of  vanadyl 
t e t f y j y e n y l p o r p h i n  i n  ch lo ro fo rm or ca rbon  d i s u l f i d e  "glass" r e p o r t e d  by 
Lee . We have been a b l e  to obse rve  n i t r o g e n  8 .h . f .  f o r  vanadyl 
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;~ ; i t i l a iocyanine  doped a t  a c o n c e n t r a t i o n  of 2000 ppm i n t o  e i t h e r  a con- 
( i L i i i s a L 1 m  polymer o f  a n t h r a c e n e  o r  o f  phenanthrene,  o r  a g i1 , soni tc  
~ i s ; ~ i i a I c c n c  ( n a t u r a l  vanadium c o n t e n t  < 1 ppm). F igure  7 shows t h e  9- 
1 Lnc pat- tcrn of  n i t r o g e n  s . h .  f .  s t r u c t u r e s  superimposed on t h e  vanadium 
Xc. itL l i n e  f o r  vanadyl  ph tha locyanine  doped i n t o  a polymer made from 
. ~ n i  i i r . i ~ ~ e r i c  niid formaldchydc. . For lour c q u i v o l c n t  n i t r o g e n  n u c l e i  t h e  
i - c l a t i v c  i n c c n s i t i e s  of  t h e  n i n e  l i n e s  a r e  expec ted  t o  be 1, 4, 10, 16, 
1:'. 16, 10, I + ,  1. The i n t e n s i t y  d i s t r i b u t i o n  p a t t e r n s  o f  t h e  n i t r o g e n  
l i n e s  ior vanadyl p h t h a l s c y a n i n e  e i t h e r  i n  an thracene  polymer o r  i n  t h e  
: ; i l soni te  a s p h a l t e n e  drop  o f f  r a p i d l y  f o r  t h e  o u t e r  n i t r o g e n  l i n e s ,  b u t  
i n  ::enera1 r e t a i n  t h e  b e l l  shape.  However, when 2OCO ppm vanadium i n  t h e  
f o r m  o f  vanadyl e t i o p o r p h y r i n  I was doped i n t o  g i l s o n i t e  a s p h a l t e n e  
o r  an  a romat ic  medium such as p e r y l e n e ,  t h e r e  were no n i t r o g e n  s . h . f .  
s t r u c t u r c s  observed.  On t h e  o t h e r  hand, t h e r e  i s  i n d i c a t i o n  t h a t  t h e r e  
m y  bc n i t r o g e n  s p l i t t i n g s  i n  t h e  p e t r o p o r p h y r i n s  (vanadium) o f  n a t i v e  asphal tene .  
Tlic r e ? e a t e d  s c a n  o f  t h e  No. 2 r e g i o n  i n  a second d e r i v a t i v e  format 
f o r  aaciiaquero (W> a s p h a l t e n e  is given  i n  F ig .  8. I n  a d d i t i o n  t o  t h e  
i i n i .  siiown, f i n e  s t r u c t u r e  s u g g e s t i v e  o f  n i t r o g e n  l i n e s  appears  i n  t h e  
over lapping  reg ion  of  t h e  Nos. 1 1 ~  and 4,, T y p i c a l  p o o r l y  re- 
so lved  n i t r o g e n  l i n e s  superimposed on a vanadium l i n e  are i l l u s t r a t e d  
i n  Pi;. 9. The coupl ing  c o n s t a n t  observed f o r  bo th  t h e  vanadyl  p h t h a l o -  
cyanine and  p e t r o p o r p h y r i n  (vanadium) i s  AT = 2.6 G. 
t h e  n i t r o g e n  s p l i t t i n g  observed f o r  the  vanadyl  t e t r a p h e n y l p o r p h i n  i n  chloroform 
o r  carbon d i s u l f i d e ,  A: 
and Caughey(l4)  a t t r i b u t e  t h e  appearance  of t h e  n i t r o g e n  s . h . f .  t o  a 
c o n f i g u r a t i o n  i n t e r a c t i o n  r a t h e r  t h a n  to c o v a l e n t  bonding. A t  p r e s e n t  
i t  seems t h a t  t h e  added a r o m a t i c i t y  i n  t h e  macrocycle  does p o s s i b l y  
b r i n g  out  t h e  n i t r o g e n  s . h . f .  It may be  t h a t  t h e  n - e l e c t r o n  system 
provides  e x c i t a t i o n  f o r  c o n f i g u r a t i o n  i n t e r a c t i o n .  The s l i g h t  n i t r o g e n  
s . n . f .  found i n  a s p h a l t e n e  may i n d i c a t e  t h a t  t h e r e  a r e  minor c o n s t i t u e n t s  
o f  t h e  macrocycles  i n  t h e  form o f  b e n z - s u b s t i t u t e d  porphins .  Such 
s t r u c t u r e s  have been demonstrated by mass spec t romet ry  t o  be p r e s e n t  
i n  a s p h a l t e n e s ,  e.  g . ,  t h e  proposed p ,p-benzoporphin( l5) .  

Xodels f o r  Non-porphyrin Vanadium 

* 

L. 

f e a t u r e s .  

T h i s  v a l u e  a g r e e s  w i t h  

2 2 .9  G . ,  A: 'v 2.8 G . ( ' 3 ) .  Rober ts ,  Koski 

"Xon-porphyrin" i s  used h e r e  t o  i n d i c a t e  any q u a d r i d e n t a t e  
nncrocycle  which does not  belong t o  t h e  a l k y l -  o r  cyc loa lkano-porphins  
( E t i o  and DPEP s e r i e s ) ,  e . g . ,  t h e  rhodoporphyr in( l5 ,16) ,  mixed q u a t e r e n e s ,  
C L C .  Two c l a s s e s  o f  non-porphyrin vanadium were s y n t h e s i z e d  and 

mcso-aromatic r i n g - s u b s t i t u t e d  porphins .  T h i s  s e r i e s  c o n s i s t s  of  
vanadyl  complexes of  t e t r a p h e n y l p o r p h y r i n  (TPP), t e t r a - 1 - n a p h t h y l p o r p h i n  
( T ~ N P ) ,  and t e t r a - 4 - b i p h e n y l p o r p h i n  (T4BP). The a n i s o t r o p i c  s c a n s  o f  
t n e  vanadyl  d e r i v a t i v e  of TlNP and T4BP a r e  s i m i l a r  t o  t h a t  of  vanadyl  
TPP. Each of t h e s e  compounds i s  a 4 n i t r o g e n  l i g a n d  system. 

c i i a r a c t e r i z e d  by ESR. The f i r s t  class is vanadyl  complexes o f  t h e  / 
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The second c l a s s  is t h e  vanadyl  complexes of p-ke to imines ,  . 
i . e . ,  q u a d r i d e n t a t e  having  2 n i t r o g e n  and 2 oxygen donor atoms. 
s e r i e s  c o n s i s t s  of vanadyl  complexes of  bisacetylacetone-ethylenediimine 
(Acen), bisacetylacetonepropylenediimine (Acpn), b i sbenzoylace tone-  
c t h y l e n e d i i m i n e  (Bzen) and bisbenzoylacetoncpropylenediimine (Bzpn). 
Tile g - v a l u e s  and vanadium n u c l e a r  coupl ing  c o n s t a n t s  f o r  some o f - t h e  
non-porphyrin vanadium model compounds a r e  t a b u l a t e d  i n  T a b l e  111. 
O n e  o f  t h e  q u a l i t a t i v e  f e a t u r e s  o f  t h e  vanadium s p e c t r a  o f  ,B-ketoimines '  
i s  t h a t  t h e  Kos. 4 1  and 4,r l i n e s  are r e s o l v e d  i n  c o n t r a s t  t o  t h e  
case  of e t i o p o r p h y r i n  I. 

This  

A p l o t  of  vs .  go ( t h e  i s o t r o p i c  coupl ing  c o n s t a n t  and g -  
v a l u e  r e s p e c t i v e l y )  f o r  a v a r i e t y  o f  vanadyl  s q u a r e - p l a n a r  complexes, 
both p o r p h y r i n  and non-porphyr in ,  i s  u s e f u l  t o  c h a r a c t e r i z e  the  p a r t i c u l a r  
t y p e s  o f  l i g a n d s  (F ig .  10). Samples a t  t h e  upper  l e f t  are t h o s e  con- 
t a i n i n g  l i g a n d s  which d e l o c a l i z e  t h e  unpai red  vanadium s p i n s ,  and t h e s e  
are  c h a r a c t e r i z e d  by low A, v a l u e  and a go v a l u e  approaching t h a t  o f  t h e  
f r e e  e l e c t r o n ,  ge = 2.0023.  Samples a t  t h e  lower r i g h t  c o r n e r  u s u a l l y  
have l i g a n d s  of  a d  e l e c t r o n e g a t i v e  n a t u r e ,  and t h e s e  are c h a r a c t e r i z e d  
by h i g h  A. v a l u e s  and low go v a l u e s .  
s u l t i n g  t h r e e  groups of vanadyl  complexes a r e  shown from l e f t  t o  r i g h t  
a s :  
and t h e  1 oxygen t y p e  ( a c e t y l a c e t o n a t e s ) .  It can be  p r e d i c t e d  t h a t  t h e  
J n i t r o g e n ,  1 oxygen type  and t h e  1 n i t r o g e n ,  3 oxygen type  l i g a n d s  w i l l  
a l s o  f a l l  i n t o  the n e a r l y  s t r a i g h t  l i n e  r e l a t i o n s h i p .  The d a t a  f o r  a s -  
p h a l t e n e s  (Bachaquero, VX; Boscan, VY) i n c l u d e d  i n  t h e  p l o t  were o b t a i n e d  
from a p o l a r  s o l u t i o n  a t  e l e v a t e d  tempera tures .  'The r e l a t i v e  l o c a t i o n  , 

of  t h e s e  two p o i n t s  f a l l s  i n  t h e  r e g i o n  t y p i c a l  o f  t h e  4 n i t r o g e n  donor 
system. It is hoped t h a t  by u s i n g  t h i s  p l o t  non-porphyrin t y p e s  of  
vanadium c h e l a t e s  c o n t a i n e d  i n  a s p h a l t e n e s  may be  r e a d i l y  i d e n t i f i e d .  

The average  v a l u e s  from t h e  re- 

4 n i t r o g e n  type  ( p o r p h i n s ) ,  2 n i t r o g e n ,  2 -  oxygen t y p e  (p-ke to imines) ,  
' 
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.TABLE I 

Empir ica l  Parameters  from Ani so t rop ic  Spec t r a  

Pe t rnporphyr in  Sample 

Iioscan (sR)", Venezuela 
Lioscan (w)*, Venezuela 
Z a s t e r v i l l e ,  X i s s i s s i p p i  
Yapa r i t 0, Venezuela 
B a c haq ue r o (CY )**, Venezue 1 a 
h'aira A - 1 ,  N e u t r a l  Zone 
Waira 17, N e u t r a l  Zone 
B a c ii aq ucr o 
>:ara, Venezuela 

vo E t i o  I ( c a s t o r  o i l )  
VO E t i o  I ( i n  g i l s o n i t e )  
VO E t i o  I ( t o l u e n e )  
VO Acac (in g i l s o n i t e )  
VO Acen (THF) 
VO Bzpn (THF) 
VO Bzpn ( t o l u e n e )  

(VX )**, Vene z ue la 

A ' o  

4.6 
4.0 

-2 .6  
3.6 
0 

12 

, 

5 . 1  
2.1 
4.6 

11 
6.7 
9.3 
0.5 

14 
a. a 
8.3 

* Boscan (SR) c o l l e c t e d  i n  1959; Boscan (VY) c o l l e c t e d  i n  1962 upper 
and lower Boscan sand. 

** Bachaquero (CY), Maracaibo; Bachaquero (VX), Well Largo. 
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TABLE I1 

Activation Energy of Association 
for Vanadium in Asphaltenes 

I /  

V Content Dissociation Energy 
Asphnltene 0 (kcal) 

Baciiaqucro (VX) 2700 14.3 

Gilsonite (CB) doped* 2700 10.4 
"uscan (VY) 4700 10.0 

* with vanadyl etioporphyrin I. 

TABLE I11 

Vanadium Nuclear Hyperfine Splittings and g-Values 
b for Non-porphyrin Model Compounds 

\\ 

Acen 101.7 1.974 182.5 61.3 1.957 1.982 

Bzen 102.4 1.975 183.3 62.0 1.952 1.986 
Bzpn 103.4 1.975 182.5 63.9 J.953 1.9% 

Acpn 102.5 1.974 183.8 60.4 1.945 1.999 

I 

* in THP. 
)HC in Gauss. 

i . 

I 
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FIGURE - :  I n t c u r a r e d  i'~sib1e S p e c r r a l  Ahrorprivlry vs. ESR Free Radical Absorption Intensity. 

3106 1209 3 

. . . -- . -. ... . , ... . - 

FIGURE &: Vanadium Anirorropic Spectra of a Bachaquero (VX) Asphaltene 
, (Upper, F i r s t  Derivative Format;'Lover, Second Derivative Format). 
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f FIGURE 5: Central Portion of an Anisotropic Vanadium Spectrum from a Multi-ampllcude Recording 
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Appl ica t ion  of Luminescence Spectroscopy t o  t h e  Analys is  of Fuels  

Harold F. Smith 

Perkin-Elmer Corporation, Norwalk, Connect icu t  

Luminescence spectroscopy is based on t h e  absorp t ion  and re- 
emission of l i g h t  by a molecule, ion o r  atom. I t  is  of g r e a t  a n a l y t i c a l  
u t i l i t y  because the  emit ted l i g h t  is c h a r a c t e r i s t i c  of t h e  e l e c t r o n i c  
s t r u c t u r e  of t h e  emi t t i ng  species .  The phenomenon of luminescence is  
n o t  a newly d i s c o  ered one. The f i r s t  monograph on luminescence was 
w r i t t e n  by L i c e t i '  i n  1640. 
cence c h a r a c t e r i s t i c s  of qu in ine  s u l f a t e .  
t h a t  i n  a l l  ca ses  t h e  l i g h t  emit ted from a molecule was a t  longer 
wavelengths than t h a t  which it absorbed. H i s  observa t ion  was termed 
t h e  "Stokes s h i f t "  2nd has  s i n c e  become w e l l  understood. I n  1895 
Weidman and Schmid t  and i n  1907 S t a r k  and Mayer5 r epor t ed  t h e  f i r s t  
systematic  s tudy on luminescence of aromatic molecules. 

I n  1845 Herschel2 re o r t e d  0x1 t h e  lumines- 
Stokes5 i n  1852 observed 

Lomme16 i n  1877 f i r s t  r epor t ed  on t h e  quanfum e f f i c i e n c i e s  Of 
c e r t a i n  molecules,  and i n  1907 Nichols and Merr i t t  d i scussed  t h e i r  
observa t ions  of t h e  i n t e r e s t i n g  "mi r ro r  image" r e l a t i o n s h i p  between 
absorpt ion and emission s p e c t r a .  From t h e  preceding observa t ion  it 
i s  apparent t h a t  t h e  luminescence p r o p e r t i e s  of molecules' have been 
known f o r  a long t i m e .  The success fu l  e x p l o i t a t i o n  of luminescence 
had t o  wa i t ,  however, u n t i l  o t h e r  a r e a s  o f  technology were s u f f i c i e n t -  
l y  advanced t o  p e r m i t  t h e  observa t ion  and measurement i n  a c o n t r o l l e d  
and q u a n t i t a t i v e  manner. 

That f luorescence  and phosphorescence techniques  a r e  being 
accepted r a p i d l y  i n  a l l  a r e a s  of a n a l y t i c a l  chemis t ry  i s  emphasized 
by r e f e r r i n g  t o  t h e  1964 and 1966 Ana ly t i ca l  Chemistry Annual Reviews'" 
covering t h e  four-year per iod  from December 1961 t o  December 1965, i n  
which 1,049 r e fe rences  t o  a l a r g e  v a r i e t y  of a n a l y t i c a l  a p p l i c a t i o n s  
o f  f luorescence  and phosphorescence are contained.  

Before proceeding i n t o  the  d i scuss ion  of s p e c i f i c  app l i ca t ions  
o f  f luorescence and phosphorescence, t h e  r eLa t ionsh ip  of t h e s e  phen- 
omenon t o  each o t h e r  and t h e  absorp t ion  process  should be shown 
(Fig.  1). 

determine two d i f f e r e n t  k inds  of s p e c t r a  (Fig.  2 ) .  The d i f f e r e n c e  
between t h e s e  two s p e c t r a  is  t h a t  t h e  emission spectrum i s  obtained 
by s p e c t r a l l y  record ing  t h e  l i g h t  emi t ted  from a sample wh i l e  being 
exc i t ed  by some s e l e c t e d  wavelength of l i g h t .  An e x c i t a t i o n  spectrum 
on t h e  o t h e r  hand i s  obta ined  by measuring t h e  i n t e n s i t y  of emit ted 
r a d i a t i o n  from a sample a t  a s p e c i f i c  wavelength a s  t h e  e x c i t a t i o n  
l i g h t  is v a r i e d  cont inuously.  

I n  both f luo rescence  and phosphorescence spectroscopy one may 

For example, F igure  3 ,  t h e  abso rp t ion  spectrum of a 1 ppm 
anthracene  s o l u t i o n ,  and Figure  4, t h e  e x c i t a t i o n  and emission s p e c t r a  
of t h e  same sample, show g r e a t  s t r u c t u r a l  s i m i l a r i t y .  The emission 
bands a r e  a l l  a t  longer  wavelength than the abso rp t ion  band, b u t  t h e  
e x c i t a t i o n  bands f a l l  a t  e x a c t l y  the same wavelength a s  t h e  absorption 
bands.' A s i g n i f i c a n t  p o i n t  i s  t h a t  t h e  e x c i t a t i o n  spectrum of a mole- 
c u l e  g ives  the  same in format ion  a s  i t s  abso rp t ion  spectrum. 
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i n  iris z.-. tk r zc e:. s e:. d : 32 5.a 1 en e a t  1 ow c G:: c e:-::: a t ioii Y 
T:-.a - - - = -  L;.-t.t: Emmatic types represent  t ne  

majority ;f aronat ic  moleccl*s i n  f - ~ e l e .  . .  

Ex3erimental 

All standard s m p l e s  were pr2:jzed using reagent grade anthra- 
cene and naphthalene a f t e r  rec,rygt&;lization from a sa tura ted  hydro- 
carbon. The matrix was made fron + '50 /50  volune/volume mixture of to l - '  
uene and o-xylene, spec t roqual i ty  fzs;:: :*:atheson, Coleman and Bell. 

The s?ectra  were run oa a ~Lia~hi-Perl<in-Elmer MPP-2A Fluores- 
cence Spectrophotometer. High quali-cy, low-fluoresc,ence, s i l i c a  
saiiple c e l l s  w e r e  used f o r  obtaining the data .  

3isccssion of Results 

A sample containing 10 ppm naphthalene and 10 ppm anthracene 
i n  the  matrix was prepared and the  q u a l i t a t i v e  emission spec t ra  of 
t he  sample determined a t  severa l  exc i ta t ion  wavelengths. Figure 5 
shows the  emission spec t r a  obtained from the  sample exci ted a t  270mw 
and a t  280mi;. The pr inc ipa l  eniss ion,  Spectrum A ,  i s  observed i n  the  
region between 360 and 440mw, wit;? a low i n t e n s i t y  emission band i n  
the  300 t o  3 4 0 ~  range. The emission between 380 and 44Qmw a r i s e s  
from the anthracene whereas t h a t  i n  t h e  300 t o  340mw region a r i s e s  
from the naphthalene. Spectrum B i n  +Ais f igu re  was taken from the  
sample without reiioving it from the instrument. The only change 
was the  exc i ta t ion  wavelength from 270 t o  2 8 0 ~ .  Some ra the r  dramatic 
changes in  the  spectrum a re  evident. The ove ra l l  i n t ens i ty  of both 
band systems has been increased g rea t ly  and the  r a t i o  of t he  naphthalene 
t o  anthracene emission has  completely reversed. It  is apparent from 
t h i s  spectrum t h a t  one could e a s i l y  determine the  concentration of 
each of these components independently of t he  o ther  i n  t h i s  aromatic . 
matrix. One cannot do such an ana lys i s  by absorption spectroscopy. 

The spectrum ,shown,in Figure 6 was from the sample excited a t  
2 9 0 ~ .  In  t h i s  case  t h e  naphthalene in t ens i ty  continued t o  increase 
sharply,  whereas the anthracene decreased. The spec t r a  shown i n  
Figure 7 show the  anthracene i n t e n s i t y  increasing and the  naphthalene 
i n t e n s i t y  fading. The S p e c t r m  2- was produced by exci t ing  t h e  sample 
at 300mp whereas Spectrum B was pzoduced by the  310mp exc i ta t ion .  

The  series of spec t r a  sl-.own in 'F igu re  8 w e r e  run while ex- 
c i t i n g  with 320, 330 and 340m~ exc i ta t ion  respec t ive ly  and i n .  these 
spec t ra  a l l  evidence of naphthalene presence was l o s t .  The s igni f -  
icance of the behaviour noted i n  Z'igures 6, 7 and 8 is t h a t  one C a n  
take a n ix ture  of a rona t i c  hydrocarSoas and produce d i f f e r e n t . s p e c t r a  
dependent on the wavelength of exc i ta t ion .  
p r i a t e  exc i ta t ion  wavelengths, one can emphasize the  presence of one 
component r e l a t i v e  t o  the o thers  aiid i n  many cases  completely el iminate  
the  appearance of any component o ther  than the  one of s p e c i f i c  i n t e re s t .  

By choosing the  appro- 

O u r  next po in t  of concern was a b i l i t y  t o  se l ec t ive ly  excite 
the three aromatic types, benzene, naphthalene and anthracene,. individ- 
ually. Tor t h i s  experiment t he  sample containing 10 ppm naphthalene 
anti 1 0  ppm anthracene in  the o-xylene-toluene matrix was d i lu t ed  1:lOO 
with isooctane giving concentrations o f .  0 .1  ppm naphthalene, 0 .1  ppm 
ar.t;?racene and 1% o-xylene-toluene. *he . s e r i e s  of three spec t ra  showr.' 
i n  i'iwres 9. 10 and 11 w e r e  obtain& by exc i t ing  t h i s  so lu t ion  with 
'2C,  290 m d  3 5 0 ~ .  r ad ia t ion  respect ively.  Figure 9 shows the c i i s s i o n  
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spectrum of the benzene-type aromatics.  
and Figure  11 i s  that of anthracene. 
i d e n t i f y  t h e s e  t h r e e  a romat ic  types , b u t  can de termine  t h e i r  approximate 
coficentrat ion by simply a l t e r i n g  t h e  e x c i t a t i o n  wavelength and measuring 
t h e  emission from each aromatic type independently of t h e  o t h e r s .  

While t h e  d a t a  shown'in the preceding  d i scuss iun  i n d i c a t e  t h e  
q u a l i t a t i v e  a p p l i c a b i l i t y  of luminescence spec t roscopy t o  t h e  basic 
types of a romat ic  molecules found i n  petroleum and c o a l  based f u e l s ,  
it does n o t  provide  an i n s i g h t  i n t o  t h e  use fu lness  o f  the technique 
f o r  q u a n t i t a t i v e  a n a l y s i s .  Hercules has  shown t h a t  luminescence 
i n t e n s i t y  and concen t r a t ion  are related as follows: 

Where abc are t h e  molar a b s o r p t i v i t y ,  cel l  pa th  and concen t r a t ion  
r e spec t ive ly :  f ( 0 )  is  t h e  s o l i d  angle  o f  i n t e r c e p t i o n  of r a d i a t i o n  
by t h e  d e t e c t o r :  g is t h e  quantum conversion f a c t o r  f o r  t h e  de- 
t e c t o r  which is  a l h h t i o n  of wavelength: I is t h e  i n t e n s i t y  of t h e  
e x c i t i n g  r a d i a t i o n  and Of is  t h e  quantum e fy ic i ency  of the molecule. 
There a r e  two concen t r a t ion  regions where t h i s  arrangement may be 
g r e a t l y  s i m p l i f i e d .  The one o f  g r e a t e s t  i n t e r e s t  t o  t h e  a n a l y t i c a l  
chemist  is  t h e  one i n  which t h e  concen t r a t ion  of f l u o r e s c e n t  m a t e r i a l s  
is small. I n  such case  abc 0.05. This  allows u s  t o  w r i t e  Equation 

F igu re  1 0  i s  t h a t  of naphthalene 
One n o t  on ly  can q u a l i t a t i v e l y  

c. 

S V ) ~ = ( ~ J ~ [ ~ ) L  & d t C I I -  T +  k BL e----* CW+II! 3. 

From t h i s  equat ion  it may be s e e n  t h a t  t h e  r e l a t i o n s h i p  between f l u o r -  
escence i n t e n s i t y  and concen t r a t ion  w i l l  b e  l i n e a r  through a p o i n t  of 
maxinium ccncen t r a t ion ,  Cmax =0.05,where (a) i s  t h e  molar a b s o r p t i v i t y  

of t h e  compound a t  t h e  wavelength of e x c i t a t i o n .  I t  should  be empha- 
s i z e d  t h a t  t h i s  concen t r a t ion  i s  n o t  t h e  maxiinurn a t  which u s e f u l  d a t a  
nay b e  obtained.  Beyond t h i s  l e v e l  t h e  curve  r e l a t i n g  f luo rescence  
i n t e n s i t y  t o  concen t r a t ion  i s  n o t  l i n e a r .  A c a l i b r a t i o n  curve  r e l a t i n g  
concen t r a t ion  t o  f luo rescence  i n t e n s i t y  can be used t o  extend t h e  range 
of u s e f u l  a n a l y s i s  over a t  l e a s t  another  o rde r  of magnitude. 

The o t h e r  extreme cond i t ion  where equat ion  one may be s i m p l i f i e d  
is t h a t  of ve ry  h igh  concen t r a t ion  o f  absorb ing  and e m i t t i n g  molecules 
such t h a t  the abso rp t ion  o f  i n c i d e n t  r a d i a t i o n  is almost complete. I n  
t h a t  case, equat ion  one may be reduced t o  

(a)hb h 

(SF)? = f[e)(#4 (3F 
showing t h a t  t h e  d e t e c t o r  s i g n a l  is  independent of f l u o r e s c e r  concen- 
t r a t i o n .  Th i s  cond i t ion  is impor tan t  i n  determining quantum e f f i c i e n -  
cies f o r  quantum coun te r s  and s c i n t i l l a t i o n  counters .  Analys is  under 
t h e s e  cond i t ions  is most e f f e c t i v e l y  done by us ing  f r o n t  s u r f a c e  i l lum- 
i n a t i o n  and viewing of t h e  sample. With t h i s  geometry, p e n e t r a t i o n  
e f f e c t s  and s e l f - a b s o r p t i o n  problems a r e  minimized. T h i s  geometry 
is g e n e r a l l y  r e q u i r e d  when t h e  f luo rescence  o r  phosphorescence spectrum 
o f  a s o l i d ,  opaque o r  h i g h l y  t u r b i d  sample is  analysed. Using t h e  
f r o n t  s u r f a c e  viewing geometry even raw crude  o i l  samples may be 
e x c i t e d  and t h e i r  lumincscence observed. 

As i n d i c a t e d  by t h e  terms i n  Equation (1) there is an i n t e r -  
mediate concen t r a t ion  range  f o r  each absorber  and f l u o r e s c e r  a t  which 
t h e  i n t e n s i t y  Concent ra t ion  r e l a t i o n s h i p  w i l l  become non l inea r .  One 
g e n e r a l l y  observes  t h a t  t h e  f luo rescence  i n t e n s i t y  approaches a l i m i t -  
i n g  va lue  as the concen t r a t ion  is increased.  The p r i n c i p a l  p recau t ion ,  
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. .  
t;:iea Cor 'cr,un;i.:l.h.tive analysis  

is t o  r e a l i z e  t ; ia t  there  is c rar.5.e akwe which the coilcentration in- 
' icnsity curve w l i l  becone noni inear ,  a d  i f  it i s  rccpircd t o  work i n  < ,  
t he  nonl inear  region, a s u f f i c i e n t  nurber of standard po.ints be taken 
t o  'accurately descr ibe t h e  i n t e n s i t y  concentration curve. 

0 

I1 naphthalene and anthracene i n  Figures 1 2  and 13. 
were prepared in, 0-xylene-tolaene ixGkrix. 
anthracene. The anthracene s-kandazds v7c're prepared i n  t h e  same matrix I 

and each containeci 10 ppmof naphthtie5e.  The curves ar,e practical-ly 
l i n e a r  i n  t h e  lower concentrat ion range; but begin,  t o ,  deviate 'from--- \ 

l i n e a r i t y  a t  the higher _ _  . . -' .. .., - .,_ .i ..Lsa~~+.:.- p 3 i n t s  be t aken  I 

I n  order  f o r  a m e  ~ e r r e n t  ' technique ..to benusefub .for quanti- 

! - .  cLiL-L, i.., ._ ..~-.~. . . - -" -. L:&-LL;-2s 

. .  . , - . . . .  - . . __- - . 
Curves showing the  i n t e n s i t y .  concentration r e l a t ionsh ip  for 

The aaphthalene s tandards 
Each contained 10 ppm 

of the range. . , ';c >,,<> 1' , 'I' 
. .  

' t a t i v e  ana lys i s ,  s t a b i l i t y  of t h e  measurement system must be such 
t h a t  good. r epea tab i l i t y '  is .possible. .-UnfortunaLolyy !tliecfeeXs,ngcexists. . 
that fluorescence measurement is :imprecise..; Admittedly. , .r th~,~lhasl  b e e n i a ~ d s  
tr.uc ~n.~m~y-icases,-bu~oi. t-waS:;aniequipment r , a ~ i e r o ~ ~ . r j a c i t B e h ~ ~ ~ e  
1 inkta-tiolit. 
t h ree  s p e c t r , a  ;of ,a' 10 p2b ariithr,gcene - s ~ ~ p l e ~ ~ ~ e c s u p e ~ i m ~ ~ s ~ ~ ~ c ~ O ~ e l l y  
i?ould :be .:h tiidpress ea cto. cshow, :bet te r  ..r.qp+atab i b 5 Q t i J b ~ o a r i ~ v d e r  from 
analyi;ic+it;technique; : &-r.< 0: the L-L.:CC~ 

{ I  
E iyur,e -14- :..shows ;;in ;.exiUTipl e,of pxc:gl.l-edt inep&atab$l?ityfr i x  

. '  '--~,cr.t techr:ic,Jc to be u s e f u l  for quanti- 
.- L ~ . C  r . ~ ~ ? ~ . r c . . e n t  system must be .such 

., L i L . a i . n e s . c c n c e ' s p c c t r o s c o ~ ~ ~ ~ a s  b r ~ o ~ d , r a p p l . i . c a k l o ~ h $ n f ~ e i a r 3 a ~ . ~ ~ t s : s .  
of I . f u Q l s  r ,anacl.el.a~eb,pr,oducts.. lsA1k;aronabic ty:pes.tar;~ysubidcthto been 
analyd is 1 b y  fluorescencd ;or:.phosphocdscencerc::Lt.~i-is.nppss~i~1.c~b~q~s,ing 
thc incr  men t a l  exc i ta t ion . .  technique *,to OWiairi ;.Spectra. cof aeaklildrcpat i c  
tyae  c s i q l e t e l y  i n d e p c r , j c n . ~ r . o ~ r t h e : . o t h e r s ~ l p r e s e n ~ u ~ n d ~ . ~ t ~ e ~ ~ f o r ~ ~ ~ ~ o r e  
e f f e c t i v e l y  -a?alyzedfoc co2qonents ;-of imixtur,e5 i t s  by any other 

~ . ,. :i .. L C L L 2  
1 
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DOUBLE RESONANCE MODUIATED MICRWAVE SPECTRasCOPY 

G. We F W ,  0. StlefVater, and Re Volpicelli 

Research Systems Inc., 236 Grime St., l;e9Lagton, Mass. 

I. Introduct ion 
A l a rge  number of  molecular systems which have nieasurzble 

vapor pressures  a t  d r y  i c e  o r  room temperature can be studied 
by microwave spectroscopy. In  general  i t  i s  necessary t h a t  
these molecules possess  a permanent d ipole  moment (usual ly  
g r e a t e r  than 0.1 Debye) and have r o t a t i o n a l  s t a t e s  with 
energy l e v e l  spacings which correspond t o  frequencies-.ri the 
microwave s p e c t r a l  range (8-40 GHz, or 0.29 - 1.33 cm ) . Most 
moleculesllhave been s tudied  in t h e  microwave range with a 
"standard Hughes and I.lilson Stark-modulated spectrometer. I n  
t h i s  sytem the molecule i s  placed 1.n a waveguide c e l l  a t  a 
pressure of 10-100 c: o f  Hg. 1-licrowave r a d i a t i o n  is passed 
through the c e l l  and absorbed by the molecular system a t  
f requencies  corresponding t o  the  energy l e v e l  separat ions of 
c e r t a i n  p a i r s  of r o t a t i o n a l  s t a t e s .  It i s  important t o  rez l ize  
t h a t  t h i s  resonance absorpt ion f o r  l e v e l s  i, j w i t h  

(where E E a r e  the  energ ies  of s t a t e s  i , J  md 
h LsPlanck's cons tan t )  involves only two levels(we neglect  here 
poss ib le  overlap between two or more t r a n s i t i o n s  and degeneracies). 
I n  order  t o  enhance the s e n s i t i v i t y  f o r  de tec t ion  of the absorbed 
rnicror.:ave rad ia t ion ,  a l a r g e  e l e c t r i c  f i e l d  (0-200OV/cni) 1s 
appl ied to the gas i n  the  c e l l .  The i n t e r a c t i o n  of the  molecular 
d i p o l e  moment with t h i s  f i e l d  causes a s h i f t  i n  t h e  r o t a t i o n a l  
energy l e v e l  spacings and a consequent s h i f t  In the microwave 
absorpt ion frequencies.  The la rge  e lec  t r i c  f i e l d  i s  modulated 
i n  square wave fashion,  usua l ly  a t  lGOKHz, and hence the absorp- 
t i o n  of r a d i a t i o n  i s  a l s o  modulated a t  the same frequency and 
can be de tec ted  with a phase s e n s i t i v e  de tec tor .  

The standard S t a r k  spectrometer can be character ized a s  
a s i n g l e  resonance device beczuse i t  involves the resonant 
absorp t ion  f o r  only a single l i n e  (one p a i r  of r o t a t i o n a l  energy 
l e v e l s ) .  It is a l s o  poss ib le  t o  simultaneously i r r a d i a t e  a 
gaseous system with two rn1crov;ave r a d i a t i o n  f i e l d s  with frequencies 
corresponding t o  two d i f f e r e n t  r o t a t i o n a l  resonances of the 2-4 molecule. 
in S t a r k  modulated spectrometers  where the basic  detect ion 
scheme s t i l l  involves  the molecular S t a r k  e f f e c t .  However, 
when two microwave f i e l d s  are appl ied to  a gaseous sample, It 
I S  poss ib le  t o  e l imina te  the  standard high voltage Stark 
modulated c e l l  by  modulating one of  the  microwave f i e l d s  Instead. 
This l a s t  spectroscopic  scheme has been character ized a s  double 
resonance modulated microwave spectroscopy and cons t i tu tes  the 
Rain concern of t h i s  a b s t r a c t .  

i' J E -E. = h V i j  
i J  

Such experiments have been pursued by severa l  authors 

5,6 
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11. The ore t i c a l  Considerations 

resonance l i n e s  a r e  pressure broadened. The average l i f e t h e  
Of' a r o t a t i o n a l  s t a t e  is taken as the niean time between col- 
l i s i o n s .  only three r o t a t i o n a l  energy l e v e l s ,  1, 2, 3 with 
energies E,cE2<E3 a r e  considered. 
2+3 a r e  assumed t o  be allowed with dipole  moment matrix elements 

p12 23 
Two r a d i a t i o n  f ie lds  are ,a l l?ued t o  impinge upon t h e  gaseous 
semple, a s t rong  f i e l d  E = EOcosw't and a weak f i e l d  E = Eo 
C O S 3 t  with 9' near  ILI' and rn near  w 

f igure l a )  T is defined t o  be the average c o l l i s i o n  l i fe t ime 
f o r  the  s t a t e s  1, 2, 3 and nl, n2* n3 a r e  the number cf molecules 
per cm3 in s t a t e s  1, 2, 3 for the gas a t  thermal equilibrium. 

The t h e o r e t i c a l  treatiaent used here assurries t h a t  the 

The t r a n s i t i o n s  1+2 and 

' 
and U and resonance frequencies U.'O = 2nvl2, wo = 2nv23. 

b u t  1w'-a1> IGHz. (See 
0 0 

It is u s e f u l  t o  def ine  the  parameters x = (P E )/(2h) and 23  0 
Y = (Pl2E;)/(2h)* . 

A l l  double resonance experkients  of i n t e r e s t  In t h i s  
work ?re such t h a t  the t r a n s i t i o n s  induced by the f i e l d s  E 
and E occur between p a i r s  of r o t a t i o n a l  l e v e l s  which have 
ore co:irT.ion energy l e v e l  (%.e. l e v e l  2 for 1 -* 2, 2 -* 3) .  
The paver in the r a d i a t i o n  f i e ld  E '  is  taken t o  be  s u f f i c i e n t  
t o  "sa tura te  the t r a n s i t i o n  1 -+ 2. T h i s  is equivalent t o  
saying 1 Y1 2 ~ 2 > > 1 .  
so  low that the 2 + 3 t r a n s i t i o n  is not  
( 1  X 1 7 G I ) .  Physically,  s a t u r a t i o n  corresponds t o  a 
s i t u a t i o n  where the r a t e  of t r a n s i t i o n s  induced by a r a d i a t i o n  
f i e l d  between two l e v e l s  i s  s u c h  t h a t  the population difference 
between the l e v e l s  involved i n  the t r a n s i t i o n  i s  no longer 
described by the thermal e q u i l i b r i u m  value. 

spectroscopy are:  (1)  the s t rong  (high power) f i e l d  E i s  used 
t o  modulate the  gaseous molecular sample by i n t e r a c t i n g  w i t 4  
the energy l e v e l s  1 and 2; (2)  the  modulation produced by E 
c iuses  small b u t  r e a d i l y  de tec tab le  changes i n  the absorption 
of r a d i a t i o n  from the  weak f ie ld  E by t r a n s i t i o n s  between the 
l e v e l s  2 and 3; (3)  the s i g n a l  detected c o n s i s t s  e s s e n t i a l l y  
of the Tower absorbed from the weak f i e l d  E; (4) t h e  s t rong 
f i e l d  E 
detected.  

The power In  E howexer is assumed t o  be 
saturated' '  

2 2  

The main f e a t u r e s  of microwave modulated double resonance 

i s  blocked from the  c r y s t a l  rece iver  and is never 

Javan7 I n  a c l a s s i c  paper has given a mathematical de- 
s c r i p t i o n  of a th ree  l e v e l  system i n t e r a c t i n g  with two r a d i a t i o n  
f i e l d s .  The theory i s  d i r e c t l y  appl icable  t o  microwave double 
resonance b u t  the mathematical d e t a i l s  a r e  too complex t o  
present here. Therefore only a very q u a l i t a t i v e  and I n t u i t i v e  
descr ip t ion  w i l l  be given i n  what follows. 
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For weak r a d i a t i o n  f i e l d s  i t  i s  genera l ly  t rue  t h a t  only 
s i n g l e  quantum t r a n s i t i o n s  can take place In a molecular system 
due t o  absorpt ion of  rad ia t ion .  Thus a niolecule c a n a s o r b  a 
photon from f i e l d  E 2nd go from s ta te  2 t;o s t a t e  3.  In  the 
presence of a very large f i e l d  such a s  E a t  the  1 -+ 2 molecular 
resonance frequency and a weaker f i e l d  E a t  the 2 3 3 molecular 
resonance frequency, it i s  possible  f o r  a molecule i n  s t a t e  
1 t o  simultaneously absorb a photon from both E'  and E and make 
a t r a n s i t i o n  t o  s t a t e  3 d i r e c t l y  v i a  a double quantum transi t ion.  
Such t r a n s i t i o n s  a r e  allowed que t o  the s t rong  quantum mechanical 
mixing of s t a t e s  1 and 2 by E . I n  a double resonance experiment 
the power absorbed from E c o n s i s t s  of two terms: 
absorbed by molecules making the usual s i n g l e  quantum t rans i t ion  
2 -f 3; ( 2 )  power absorbed by molecules making a two quantum Jump 
from 1 -+ 3.  

I n  a,microwave modulate'd double resonance spectrometer 
the f i e l d  E is square wave modulated between the values E'= Ehcosu't 

f o r  power l e v e l s  i n  the  E f i e l d  of the order  of one watt  o r  
less,  E '  = EA cos x 2 t  genera l ly  has only a small  e f f e c t  on the 
molecular system because 
poss ib le  t o  take E = 0 f o r  ha l f  the square wave cycle  without 
introducing much error .8  If  phave s e n s i t i v e  de tec t ion  lacked 
t o  the modulation frequency of E is used t o  d e t e c t  the power 
absorbedfrom E, the  power absorbed from E during the  E = 0 
h a l f  of  the modulation cyc le  w i l l  be e s s e n t i a l l y  ident ica l  t o  
an drdinary ?ingl$ resonance absorption. 
dWMg the  E 
resonance shape predic  ted by Javan's theory. 

Pressure Dependence and I n t e n s i t y  of Double Resonance Signal 

(1) power 

= IU' and la2' - -  LU ' I =  2WHz. I n  such a s i tua t ion ,  
0' 

f 

I 1 
is  so far from wo. Thus It is 

1 2 

The power absorbed 
= Eg C O S  a t h a l f  cyc le  w i l l  have t h e  double 0 

-In. - 
I n  the case where E '  i s  only an 0.1 w a t t  f i e l d  a t  the  

J=O-1 resonance frequency t h e  l ineshape f o r  t h e  OCS J=1-2 transition 
w i l l  have ttfe appearance shovrn i n  f igure  l b .  
the s i g n a l  height" S w i l l  decrease and the  " l i n e  width" w i l l  Increase 
i n  a somewhat complex rnanner.9 

As the  pressure Increases 

" 1 
f l  

Usin# a computer t o  simulate l i n e  shapes in 02.9, the 
. h e  i n t e n s i t y  S f o r  the J d + 2  t r a n s i t i o n  w i t h  an 0.1 Watt pump 
.eld a t  the J=O-1 resonance frequency has been determined a8 a 

funct ion of pressure.  These c a l c u l a t i o n s  correspond t o  the line 
shape shown i n  f igure  l b .  A t a b l e  of  S versus pressure and 7 I s  
given i n  Table 1 below for t h i s  case.  - 

* Table 1 
. s  P 

3.15 2 
3.19 10 
.3.03 20 

. 1.05 100 0 248 
0.77 200 0.124 

(sec x710 4) 
12.40 
2.48 
1.24 

( a r b i t r a r y  u n i t s )  (p of Hg) 

*Av = 12 I ~ I z / ~ ,  f u l l  width a t  h a l f  height ,  see ref.--&?...: 1 ._,_,- ...... 
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A t  low pressure,  f o r  E'- a lWat t  pump f i e l d ,  i t  is 
poss ib le  t o  compare the theo re t i ca l  i n t e n s i t y  ,S1 (Figure I C )  
with t h a t  which can be obtained from a s ing le  resonance S ta rk  
modulated spectrometer. When the S and ,S  l i n e s  a r e  well 
resolved, S1 i s  very s i m i l a r  t o  a s?ingle rgsonance absorpt ion and 
it might be expected t h a t  the i n t e n s i t y  is, the  same as tha t  for the 
equivalent  Stark modulated l i n e .  This is  not  t rue  normally and the 
theo re t i ca l  i n t e n s i t y  i s  expected to be iess in general  f o r  the 
double resonance spectrometer.  .. The problem which a r i s e s  here has  
t o  do x i t h  the e f f e c t  of the puriiping r ad ia t ion  on var ious molecular 
1.i s t a t e s  (I.1 is  the p ro jec t ion  of the t o t a l  angular monientum J on a 
space f k e d  axis). This e f f e c t  becomes small as higher J va lues  a r e  
s t u d i e d  and i s  tFeated in d e t a i l  elsewhere.9 There a r e  a l s o  some 
Frac t i c a l  t echnica l  problems t o  be considered in  comparing S ta rk  and 
aouble resonance spectrometers.  Because of the absence of a S ta rk  
p l a t e  i n  the double resonance systerii, the  double resonance wave guide 
c e l l  cEn e a s i i y  be made about f i v e  times 2s long a s  the corresponding 
Stark c e l l  thus efihancing the si'gnal i n t e n s i t y  by a s u b s t a n t i a l  amount. 
F ina l ly ,  there  a r e  some sub t l e  i f i t ens i ty  e f f e c t s  i n  a double re.sonance 
spec tyoiiieter which a r i s e  frorii the  r a t e  of r e l axa t ion  of t he  r o t a t i o n a l  
s t a t e s  and may lead t o  Solie enhancmient i n  s igna l  i n t e n s i t y  ov r the  
Stark case. These e f f e c t s  should be neg l ig ib l e  i n  most cases .  5 

IV. Sxperinrental R e s u l t s  

experiments using a double resonance modulated spectrometer 
similar t o  t h a t  of re fe rence  6. 
a r e  considered here.  
t r a n s i t i o n  kcas observed while the 202 -+ 211 ( U 9 2 n  = 13474.9 M H Z )  

t r a n s i t i o n  was pumped; The l i n e  shape corresponded t o  t h a t  shown 
In  Figure I b .  
Figure 16) a s  a func t ion  of p r e s s u r e  f o r  pure propionaldehyde. 

It can be seen t h a t  t h e  s igna l  he ight  begins t o  f a l l  
off d r a s t i c a l l y  f o r  pressures  i n  excess of about 2511 of Hg. 
behavior i s  q u a l i t a t i v e l y  s i m i l a r  t o  t ha t  predicted using computer. 
siniulated 1,lne shapes for the molecule OCS (see Table 1). 

Several  molecules have been inves t iga ted  in the  present.  

Only the r e s u l t s  for propionaldehyde 
For t h i s  molecule the 211 + 312 ("@ = 33,347 MHZ) 

Figure 2 i s  a p l o t  of the s igna l  he igh t  S (see 

\ e  

This 

The reason for the  i n i t i a l  r ise i n  the s igna l  height in 
the pressure range 0-20 CI of Hg i s  r e a d i l y  understood by the 
following considerat ions.  For pressures  below about 10 CI of Hg 
the l inewidth of the s igna l  is not  determined by c o l l i s i o n  processes 
and hence the  t h e o r e t i c a l  d i scuss ion  presented ear l ie r  does not 
apply t o  t h i s  region.  Before pressure broadening s e t s  i n ,  the 
l inewidth will genera l ly  be a cons tan t  (determined by the  modulation 
frequency, temperature, and c e l l  dimensions) and the l ine  i n t e n s i t y  

s imi l a r  t o  the s i t u a t i o n  observed i n  a S tark  spectrometer except 
that  f o r  the S tark  case the maximum s igna l  he ight  i s  independent 
of pressure i n  the pressure broadened range. 
resonznce case the l i n e  i n t e n s i t y  drops i n  the pressure broadened 
range because of incomplete modulation. 

"\ 
1 

. w i l l  increase d i r e c t l y  as the dens i tg  of the  smple.  This I s  
'\ 
/ 

For the double 

7 

I 
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300. 
For gas semljles which a r e  mixtures of several  components 

( a l l  o r  only one of which have a microwave spectrum) curves 
Similar t o  that  shown In Figi~re 2 =re  &ser~.~ed f e r  
component. The peak of the  s i g n a l  genera l ly  occurs a t  a d i f f e r e n t  
pressure than t h a t  for the pure sample due t o  the d i f fe rence  In 
c o l l i s i o n  cross  sec t ions  f o r  the var ious c o n s t i t u e n t s  of the 
sample. It i s  worth not ing  t h a t  the  double resonance technique 
serves  a s  an unambiguous i d e n t i f i c a t i o n  method for a molecule 
i n  the presence of many o ther  molecules. This i s  because the 
observation of a double resonznce s i g n a l  f o r  a given microwave 
pump and observation frecpency r e q u i r e s  t h a t  the sample have 
a resonance a t  each of these respec t ive  frequencies  and t h a t  
these resonances must  have a cormon energy l e v e l .  That such a 
series of circumstances might a r i s e  for more than one molecule 
is highly unl ikely.  

g:t.efi 

V. Conclusions 

1. A t  moderate o r  low pressures  (about 20cI of Hg)  it 
is  expected tha t  a microwave modulated double resonance spectro- 
meter will have a b e t t e r  s i g n a l  t o  noise  ra t io  than a S tark  
modulated spec trorneter provided the double resonance waveguide 
c e l l  i s  a t  l e a s t  severa l  times longer than the. S ta rk  c e l l .  

double resonance technique is less advantageous than the Stark 
technique. 

2. A t  high pressures ,  due t o  incomplete modulation, the 

1. 

2. 

2: 

8: 

5. 
6. 

9. 
10. 

3. The double resonance technique Is extremely u s e f u l  
f o r  i d e n t i f i c a t i o n  of molecules i n  a mixed sample due t o  
the highly s e l e c t i v e  nature  of the double resonance phenomenon. 
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INVESTIGATIONS I N  NQR SPECTROSCOPY 

W i l l i a m  L. T r u e t t  

Wilks S c i e n t i f i c  Corporation, So. Nowalk,  Conn. 

NQR Spectroscopy r e f e r s  t o  t h a t  branch of spectroscopy i n  which energy i s  
absorbed by var ious atomic n u c l e i  i n  t h e  region from 1-1000 Mc/s. A f u l l  and 
e x c e l l e n t  discussion of  a l l  the  t h e o r e t i c a l  and experimental aspec ts  of t h e  sub- 
j e c t  has been #ven3;y Semin'. Amon the  more i o r t a n t  n u c l e i  which show t h e  
e f f e c t  a r e  C 1  
and V S 1 ;  i n  a l l  131 i so topes  can absorb RF energy. 

, C 1  , B r B 1 ,  B r 7 9 ,  I l g 7 ,  SblZ1,  S 3 2 3 ,  A l Z 7 ,  N 1 4 ,  Ga6', Ga71, 

The p r e c i s e  p o s i t i o n  of the  absorpt ion depends upon t h e  e l e c t r o n  densi ty  
about the nucleus and the number of allowed absorpt ion bands upon the nuc lear  
sp in .  
chemically d i s t i g u i s h a b l e  nucleus. 
the  number of  bands t o  be expected i n  the  i n d i c a t e d  s t r u c t u r e s .  

I n  genera l  wi th  n u c l e i  of s p i n  312, one l i n e  w i l l  be observed from each 
Thus with  C 1 3 5 ,  s p i n  3/2, Table 1 summarizes 

TABLE I 

STRUCTURE ABSORPTION BANDS 

1 

1 

2 

3 

U n t i l  recent ly  nqr  s p e c t r a  could be obtained only with considerable  d i f f i c u l t y  
due t o  t h e  wide range of f requencies  over which any p a r t i c u l a r  i so tope  might 
absorb (50-100 Mc/s) and the slowness of search  due t o  t h e  frequent  necess i ty  
of a d j u s t i n  t h e  o s c i l l a t o r s  used. The instrument  developed by Pe terson  and 
Bridenbaugh' has  made a dramatic  d i f f e r e n c e  i n  t h e  e a s e  of search over wide ranges 
by an e s s e n t i a l l y  automatic  and unattended spectrometer .  

In a d d i t i o n  t o  t h e  components customari ly  present  in an o s c i l l a t o r  of t h e  
superregenerat ive s o r t ,  the  Peterson instrument  contains  an electro-mechanical 
servo loop which serves t o  s t a b i l i z e  t h e  o s c i l l a t o r  over  wide ranges by feeding 
back a vol tage  to  t h e  g r i d  of the  o s c i l l a t o r  tube, customari ly  a 12AU7, which 
r e s u l t s  i n  a s t a b i l i z e d  output  a t  cons tan t  no ise .  Thus, searches a r e  readi ly  
conducted over  ranges of 20-40 Mc/s vhich conta in  the  v a s t  major i ty  of organo 
chloro compound absorpt ion bands, or 200-300 MC/S which contain t h e  v a s t  major i ty  
of organ0 bromo compounds; t h e  time requi red  f o r  such searches i s  2 t o  4 hours. 
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Some addi t iona l  ref inements  t o  the Peterson spectrometer  have been noted by 
Graybeal? ,  b u t  f u l l  d e t i a l s  on r e l a t i v e  performance have not  been publ ished.  

Previous examination o f  the  q u a n t i t a t i v e  aspec ts  of nqr  spectroscopy has 
l a r g e l y  been l imi ted  t o  determinat ion of t h e  e f f e c t  of impur i t ies  on the  peak 
i n t e n s i t i e s  of  absorpt ion bands4 wi th  minor references t o  the u t i l i t y  of peak 
i n t e n s i t i e s  t o  determine t h e  r e l a t i v e  numbers of chemically d i f f e r e n t  n u c l e i  
p resent  i n  a m ~ l e c u l e ~ ’ ~ .  
concerned with nqr spectroscopy with regard t o  sample s i z e .  
from papers  containing absorp t ion  d a t a  on l a r g e  numbers of  compound^^'^ t h a t  
while  chemical s h i f t s  comparable i n  p r i n c i p l e  t o  those observed i n  nmr spec t ra  
are p r e s e n t ,  s p l i t t i n g s  due t o  the e f f e c t s  of neighboring atoms a r e  not  present .  

Rela t ive ly  minor references w i l l  be noted i n  papers 
It  is a parent  

Unfortunately,  a type of s p l i t t i n g  is  encountered which has  t o  do with t h e  
f a c t  t h a t  spec t ra  can be determined only upon c r y s t a l l i n e  s o l i d s  and is designated 
c r y s t a l  s p l i t t i n g .  I t  i s  due t o  the  f a c t  t h a t  chemically equivalent  n u c l e i  i n  
a c r y s t a l l i n e  l a t t i c e  may b e  phys ica l ly  non equiva len t  by v i r t u e  of r e l a t i v e  
l a t t i c e  pos i t ions .  
2.0.2 Mc/s, and the equal  i n t e n s i t i e s  of the  two bands*. I n  c e r t a i n  cases i t  
s i m p l i f i e s  the i n t e r p r e t a t i o n  of a spectrum f o r  i t  has been found t h a t  v i r t u a l l y  
a l l  t r ichloromethyl  groups show a t r i o  of bands of equal  i n t e n s i t y  separa ted  by 
about 0.1-0.2 Mc/s. 

Normally, i t  can be recognized by t h e  ex ten t  of t h e  s p l i t t i n g  

Examination of mixtures  of  p-dichlorobenzene and p-dibromobenzene along 
t h e  l i n e s  noted by Dean9 g ive  very similar r e s u l t s  using the  Wilks S c i e n t i f i c  
Corporation NQR-lA NQR Spectrometer .  Addit ional  examples of p-dichlorobenzene 
and y-hexachlorocyclohexane i n d i c a t e s  t h a t  the peak he ight  is an e x c e l l e n t  way 
t o  determine the concent ra t ion  of i m p u r i t i e s  p r e s e n t  i n  a c r y s t a l  of a chloro 
compound i n  the  range from 0 .01  t o  1.0%, and t h a t  c a l i b r a t i o n  curves of t h e  s o r t  
genera l ly  usefu l  i n  q u a n t i t a t i v e  i n f r a r e d  measurements can e a s i l y  be constructed.  

With regard t o  the  amount of sample requi red  i t  has  been found t h a t  employing 
t h e  NQR-1A i t  i s  p o s s i b l e  t o  determine usable  s p e c t r a  of p-dichlorobenzene on 
samples of 25-50 mg.. although rout ine ly  500mg w i l l  s u f f i c e  f o r  any unknown. 
I t  has baen found t h a t  i n  genera l  a much s m a l l e r  sample, 100mg, rout ine ly  s u f f i c e s  
f o r  any bromo compounds where t h e  absorp t ion  frequencies  a r e  much h igher ,  while  
compounds t h a t  absorb a t  f requencies  near  5 Mc/s w i l l  r equi re  lOOOmg rout inely 
f o r  de tec t ion .  

Careful  examination of a number of s p e c t r a  of d iverse  types of organic  ch loro  
compounds makes i t  apparent  t h a t  n q r  s p e c t r a  can be used t o  determine t h e  r e l a t i v e  
numbers of  the  d i f f e r e n t  types of c h l o r o  atoms p r e s e n t .  It has  been found t h a t  
peak h e i g h t  alone is  s u f f i c i e n t  t o  t h i s  end and t h a t  i n t e g r a t i o n  of the  area i s  
unnecessary. Thus, with 2,4-dichlorophynoxy a c e t i c  a c i d  w e  f i n d  two bands of 
matched i n t e n s i t y ,  Spectrum 1. A molecule of y-hexachlorocyclohexane i s  known 
t o  conta in  3 a x i a l  and 3 e a u i t o r i a l  ch loro  atoms. and due t o  t h e i r  s p a t i a l  
arrangement there  are e f f e c t i v e l y  4 types of chloro atoms present .  
shows 4 l i n e s  of a 1:2:2:1 peak he ight  r e l a t i o n s h i p  which f i t s  the  known s t r u c t u r e ” .  

The spectrum 

Unfortunately,  ins t ruments  of the  Peterson type cannot be used rout ine ly  
f o r  t h e  measurement of  t h e  s p e c t r a  of n i t r o g e n  compounds due t o  s a t u r a t i o n  phenomena 
p r e c i s e l y  encountered i n  o t h e r  types of  resonance measurements. The u s e  of , 

o t h e r  types o f  o s c i l l a t o r s  such as t h e  Robinson o r  P-K-W o s c i l l a t o r 1 1 - 1 2  can 
f u r n i s h  d a t a  on many types of n i t r o g e n  compounds. 

t h e  u s e  o f  nqr  t o  determine t h e  s t r u c t u r e  of an o r g a n i c  molecule; Kozima has 

\ 

A t  t h e  present  time t h e r e  are r e l a t i v e l y  few examples i n  the l i t e r a t u r e  of 
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u s e d  t h i s  technique t o  d i f f e r e n t i a t e  between t h e  c h l o r i n a t i o n  products  of cyclo- 
hexane, 2,2-dichlorocyclohexane and 2,6-dichlorocyclohexaneone 3 .  

Applicat ion of  the nqr technique t o  y-hexachlorocyclohexane has  been noted 
above. 
only a s i n g l e  s t r o n g  band is observed n e a r  37.0 MC/S. This agrees  w i t h  the  
known s t r u c t u r e  i n  which t h e  ch loro  atoms a r e  a l l  t rans  and a l l  possess  t h e  
e q u i t o r i a l  configurat ion.  I t  is  of i n t e r e s t  t o  note  t h a t  the only e a s i l y  
a t t a i n e d  isomer of  1,2,3,4,5,6-hexabromocyclohexane has a very complex spectrum 
and is  c l e a r l y  not  r e l a t e d  t o  the  B-chloro isomer above. 

A similar s tudy of  ~-1,2,3,4,5,6-hexachlorocyclohexane revealed t h a t  

Y-1 ,2,3,4-tet rachloro  - 1,2,3,4-tet rahydronapthalene has been the  s u b j e c t  
o f  a recent  nmr i n ~ e s t i g a t i o n ’ ~  and has  t h e  conf igura t ion  noted symbolically 
below: 

An nqr spectrum of t h i s  compound shows two bands of e q u a l  i n t e n s i t y  a t  35 and 
36.5 Mc/s and is i n  agreement with t h e  nmr assignment. 

The nqr  spectrum of  2,4-dichlorobenzotrichloride, Formula I, might be 
expected t o  show t h r e e  bands repres  n t i n g  t h e  t h r e e  types of ch loro  atoms 

a,=cp3 /-k 
present  i n  a 1:1:3 i n t e n s i t y ,  wi th  probable  s p l i t t i n g  of t h e  band due t o  the 
t r ich loromethyl  group i n t o  a t r i p l e t .  
t h e  expected 3 bands, however, the  band a t  39.0 M c / s  which is due t o  CC13 
is  s p l i t  i n t o  a d i s t i n c t  doublet  a t  a 2:l i n t e n s i t y .  
t a t i o n  o f  t h i s  e f f e c t  i s  t h a t  t h e  o r t h o  ch loro  group i s  i n t e r f e r r i n g  s t e r i c a l l y  
with t h e  f r e e  r o t a t i o n  of t h e  t r ich loromethyl  group. As a r e s u l t  of t h i s  t h e  
two chloro atoms of the  t r ich loromethyl  group n e a r e r  t h e  o r t h o  ch loro  group 
a r e  d i f f e r e n t  from t h e  one which i s  f a r t h e r .  

The a c t u a l  spectrum (Spectrum 2) shows 

A reasonable i n t e r p r e -  

\ 

‘\ I f  c o l l e c t i o n  of  d a t a  of t h e  s o r t  i n  re ferences  1 t o  7 are s tudied ,  it 
i s  p o s s i b l e  t o  develop c o r r e l a t i o n  c h a r t s  of t h e  Colthrup type which have proved 
so popular  i n  i n f r a r e d  spectroscopy. In such a c h a r t  i t  w i l l  be  noted t h a t  
i n  the c a s e  o f  organic  ch loro  compounds t h a t  a range o f  30-55 Mc/s embraces 
v i r t u a l l y  a l l  classes o f  ch loro  compounds. Acid ch lor ides  show bands near  30 
Mc/s whi le  N-chloro compounds l i e  a t  t h e  o t h e r  end of the  range n e a r  55 Mc/s. 
Aromatic and a l i p h a t i c  ch loro  compounds absorb near 34-35 Mc/s f o r  t h e  simple 
types whi le  t h e  more highly s u b s t i t u t e d  types absorb a t  h igher  f requencies ,  
f o r  example; t h e  t r i c h l o r w e t h y l  group near 39Mc/s. 
t a i n i n g  as many as 5 chemically d i f f e r e n t  ch loro  atoms have shown f i v e  d i s t i n c t  
bands. 

Spectra  of compounds con- 
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MOSSBAUER SPECTROSCOPY: PRINCIPLE AND PRACTICE 

C a r l  W .  Seidel 

Nuclear  Science & Engineering Corporation 
P i t t sburgh ,  Pennsylvania 15236 

ABSTRACT 

Msssbauer  Spectroscopy h a s  s t a r t ed  t o  come into its own as  a n  analytical 
In o r d e r  to understand what h a s  been accomplished and the potential applica- tool. 

tions of the MBssbauer Effect,  one m u s t  understand nuc lear  resonance absorption 
and how i t  i s  effected by the environment  of the absorbing nucleus. The per turba-  
tion of the  nuclear ene rgy  levels of MBssbauer nuclides and the resu l tan t  cha rac t e r -  
i s t i c s  of Mdssbauer spec t r a  a r e  reviewed. ,This  includes the i s o m e r  shift and i t s  
dependence on the e lec t ron  dens i ty  about the  nucleus,  quadrupole splitting and magne- 
t ic  hyperfine splitting as  wel l  as  the  t e m p e r a t u r e  dependence of these proper t ies .  
Corre la t ions  of the above p rope r t i e s  with the ionic s ta te ,  electronegativity of a bond- 
ing component or  with theore t ica l  e lec t ron  density calculations c a n  b e  accomplished. 
The Debye-Waller fac tor  f o r  both the sou rce  and abso rbe r  ma te r i a l  places cer ta in  
r e s t r i c t ions  on the ability to  obse rve  the  MBssbauer Effect with all poss ib le  M b s s -  
hauer  nuclides.  Two typical MBssbauer spec t romete r  sys t ems  a r e  descr ibed .  One 
ut i l izes  a constant velocity mode  of operation fo r  obtaining data, at one velocity a t  
a t ime .  The other u t i l i zes  a constant acce lera t ion  mode  of operation which scans  
the chosen velocity range repeti t ively,  storing the counting data in  a multichannel 
ana lyzer .  
devices  m a y  differ. 
effects such a s  adsorption and the  study of the  bonding of some organo meta l l ic  
compounds will be d iscussed .  

The bas ic  detection sys t em is  the s a m e  for  both sys t ems  but the readout 
Application of M6ssbauer  Spectroscopy in  the study of sur face  

\nother  technique h a s  been added in  the  f ie ld  of spectroscopy. This  new 
method of analysis depends upon the  observance of nuclear  resonance absorption 
which in  tu rn  depends upon the  recoi l  f r e e  emis s ion  and recoil  f r e e  absorption of 
g a m m a  r a y s ,  o r  the Mbssbauer  effect. 
applied t o  th i s  new and v e r y  useful ins t rumenta l  method which complements  the 
m o r e  established techniques of NMR, ESR and x - ray  diffraction. 

The t e r m  MBssbauer Spectroscopy has  been 

The theory behind the  MBssbauer effect h a s  been fully desc r ibed  by Mass-  
hauc r  ( 2 3 ) ,  Frauenfelder  (24 )  and Wertheim ( 3 )  and will not be descr ibed in detai l  
h e r e .  Ce r t a in  nuclides (MBssbauer nuc1ides)exhibit  a nuclear decay scheme where  
the  t rans i t ion  f rom the  f i r s t  excited nuclear leve l  (and somet imes  second excited 
nuclear  leve ls )  to the ground s ta te  may  occur with the  recoi l less  emis s ion  of a 
gamma r a y .  This gamma r a y  is  uniquely capable of ra i s ing  a s i m i l a r  nucleus i n  
the  s a m e  type environment f r o m  the  ground s ta te  to  the  f i r s t  ( o r  second) excited 
nuclear  leve l  by recoi l less  absorp t ion  ( resonant  absorption).  Most  of the  e l emen t s  
that  have one or m o r e  of t h e s e  MBssbauer nuclides a r e  shown on the  accompanying 
cha r t  (F ig .  1) .  The resonant  absorp t ion  p r o c e s s  depends on the fac t  that the e m i t -  
ting ( sou rce )  and absorbing (sample) spec ie s  a re  bound in  a c rys t a l  la t t ice .  

- - 

Resonance absorp t ion  m a y  be  destroyed by employing the Doppler effect. If 
n c - e  e i ther  source  3r a b s o r b e r  re la t ive  t o  the  o ther  we may a l t e r  the conditions 
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necessa ry  for  resonance absorption. 
e i ther  the source o r  abso rbe r  toward the other (a positive Doppler velocity) we 
inc rease  the energy of the gamma r a y  a s  s een  by the absorbing species .  
ing one away f r o m  the other (a negative Doppler velocity) we d e c r e a s e  the energy 
of the gamma ray a s  s een  by the absorbing species.  
t r u m  would therefore  be the plot of the r a t e  of t r ansmiss ion  of the gamma ray  
through the absorbing sample a s  a function of th i s  Doppler velocity. 
condition resu l t s  i n  a noticeable dec rease  in  t r ansmiss ion  (resonant  peak). The 
p a r a m e t e r s  of such a spectrum include M ( o r €  ), the percent  d e c r e a s e  in  t r ans -  
mission (magnitude of the peak) a t  the resonant  velocity and r, the width of the r e -  
sonant peak a t  half maximum a s  shown in Fig.  2. 

Essent ia l ly  what happens is that by moving 

By mov- 

A complete Mbssbauer  spec- 

The resonant 

Resonance absorption occur s  a t  ze ro  velocity only i f  both the emitt ing and 
absorbing species  a r e  in the same physical environment. 
the resonance absorption may occur  a t  a non-zero velocity. This  displacement of 
the resonance f r o m  ze ro  velocity is  called the chemical o r  i s o m e r  (I.S.=cr) (Fig.  3) .  
The i somer  shift value is  a l inear  function of the 5 electron density and f o r  Fe-57 
dec reases  with increasing - s electron density (1). The 4 electron density affects the 
i somer  shift mostly by shielding the s e l e c t r o n f r o m  the nucleus. Adding d elec- 
t rons  to the atom of in te res t  d e c r e a s e s  the electronic  charge density a t  t henuc leus ,  
an  effect  just  the opposite of that resul t ing f r o m  the addition of 5 electrons.  The 
contribution to  the shift f r o m  the p electrons i s  ve ry  sma l l  (2). 

If th i s  is not t rue  then 

Since the electron density a t  the nucleus i s  a function of the oxidation state 
of the absorbing atom and of the electronegativity of i t s  n e a r e s t  neighbors we have 
a means of qualitatively identifying compounds, determining oxidation s ta tes  and 
s t ructural  information concerning the absorbing mater ia l .  F o r  example,  i n  Fig.  4 
we can see how different t in (IV) hal ides  give ve ry  noticeably different i somer  
shifts .  
of surrounding F atoms (i t  i s  believed to  have a polymer l ike s t ruc ture) .  

The SnF4 gives a quadrupole splitting because of the inhomogeneous field 

Quadrupole splitting (QS=A= distance between the two resonance peaks)  is due 
t o  the interaction of the inhomogeneous e lec t r ic  field at the nucleus (due to  the 
environment) with the electr ic  quadrupole moment of the exci ted nucleus.  The re- 

,sul t  i s  a doublet or two resonant  peaks.  This  occur s  because the f i r s t  nuclear ex- 
'cited level spl i ts  into two sublevels and two t ransi t ions (of slightly different energy) 
may occur (Fig.  5). 
tion state and the nature of the chemical bonding of the absorbing a tom (L). It a l so  
may be used a s  a method of determining the symmet ry  of c r y s t a l s  and crys ta l  dis-  
tort ion incu r red  by substitution in  the compound a s  shown in Fig.  6. The i s o m e r  
shift of a quadrupole split spec t rum i s  taken a s  the displacement of centroid f r o m  
ze ro  velocity. 
of the ferrocyanide due to  the fact  that the 5 electron density about the i ron  atom has 
changed when one of the l igands changed. 

Quadrupole splitting may  be related quantitatively to  the oxida- 

In Fig.  6 the i s o m e r  shift of the ni t roprusside is  different than that 

. Another interaction, that of the nuclear magnetic moments  and the external  
o r  intermolecular  magnetic fields resu l t s  in  magnetic hyperfine splitting (MHS) of 
the spec t r a  (a  nuclear  Zeeman effect) ,  (Fig.  7) In the case  of i r o n  we may  obtain 
a spectrum with s ix  resonances.  Identification of magnetically o r d e r e d  s t ruc tu res  
and determination of Curie and Ne'el t empera tu res  for  many m a t e r i a l s  may  be 
accomplished by studying their  MHS spec t r a  (2). 
l ic  compounds h a s  been used t o  determine the magnetic p rope r t i e s  and s t ruc ture  of 
these  ma te r i a l s  (25). 

The MHS of r a r e  e a r t h  intermetal-  

- 
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Double six l ine s p e c t r a  may  be obtained when the i ron  p resen t  in the absorb-  

e r  may be in e i ther  of two different  environments (having different nea res t  neighbors) 
o r  two different c rys ta l  s t r u c t u r e s  ( te t rahedra l  and octohedral)  where the internal 
maenetic field i s  different a t  each site. *A. ccr.p=si:s. of a six L i e  and d one or two 
l ine spec t rum may occur  when two f o r m s  (magnetic and nonmagnetic) of a mater ia l  
such as F e z 0 3  a r e  p re sen t  i n  the abso rbe r .  

The . i somer  shift f o r  spli t  spec t r a  i s  r eco rded  by taking the centroid of the 
spec t rum and measuring i t s  displacement  f r o m  zero velocity. 

MBssbauer spec t r a  m a y  not always be as uncomplicated a s  one of the three 
basic f o r m s  descr ibed.  But combinations and per turbat ions of the basic f o r m s  can 
usually be separated into component factions (bas ic  f o r m s )  with l i t t le  difficulty, 
(especial ly  with computer cu rve  fitting p rograms)  providing a wealth of information 
about the abso rbe r  sample.  General ly  i t  may be said that the a r e a  under the reson-  
ance peak i s  proportional t o  the amount of the element  under investigation in a p a r -  
t i cu la r  type of sample (%). Mgssbauer  Spectroscopy can provide quantitative inform- 
ation a s  well a s  qualitative information about the sample.  

Examples  of some of the information obtained using MEssbauer spectroscopy 
m a y  be shown with a few typical spec t r a .  
of the tin (IV) halide compounds. 
typical ,  a s  shown in Fig.  8 (a wide splitting for  f e r r o u s  and a narrow splitting for  
f e r r i c  compounds) . 

We have seen the different i somer  shifts 
In most  i ron compounds a quadrupole splitting i s  

Many different i r o n  compounds have the i r  i s o m e r  shifts  and quadrupole spli t-  
t ings l i s ted  in a table compiled by Fluck et  al .  The accompanying d i ag ram (Fig.  10) 
shows cer ta in  band locat ions on the velocity ax is  where i s o m e r  shift and quadrupole 
spli t  values  may be found. 
a l ly  l inear  f r o m  -12OoC to t8OoC (1). 
t o  the c rys ta l  s t ruc ture  (22). 

The influence of t empera tu re  on these values is gene r -  
The influence of p r e s s u r e  v a r i e s  according - 

Tempera tu re  dependence of the e lec t r ic  quadrupole splitting and i somer  
shif t  values  can provide much information on chemical  s t ruc tu re  and bonding (26). 
F o r  exam l e ,  the sixth e l ec t ron  in  excess  of the half f i l led shell  in f e r r o u s  com- / 

the lower t empera tu re  the lowest  molecular  orbi ta l  i s  most populated and therefore  
we find the highest quadrupole  splitting. A s  the t empera tu re  r i s e s  all molecular  
orb i ta l s  a r e  populated equally and A E  approaches ze ro .  The d5 configuration for  
i ron has  a much sma l l e r  t e m p e r a t u r e  dependency. Brady, Duncan and Mok have 
r epor t ed  the t empera tu re  dependence on a number of high and low spin i r o n  com-  
pounds ( 2 7 ) .  

1 

pounds (d r? ) causes  a s h a r p  t e m p e r a t u r e  dependence on the quadrupole splittigg. At 

- 

P r e s s u r e  dependence of MBssbauer spec t r a  may  be much sma l l e r  than 
t empera tu re  dependence un le s s  the ma te r i a l  can be significantly compressed to a l te r  
the bond lengths or the environment  of the absorbing nucleus.  
s y m e t r i c  and changed equally with p r e s s u r e  the electron density would change r e -  
sulting in an  i somer  shift. 
tnetry i s  present  in the a b s o r b e r .  M6ssbauer  Spectroscopy may thus detect  s m a l l  
a c y m m e t r i e s  which a r e  not m e a s u r a b l e  by x - r a y  diffraction (28).  

If al l  the bonds were  

Quadrupole spli t t ings may change with p r e s s u r e  if a s y m -  

i - 
Other studies of i s o m e r  shifts  have been made on i ron compounds (E), i r o n  < 

Croanic compounds (Li), tin compounds (2.15,16), and iodine compounds (17). 
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Studies on the bonding of c la therates  (Kr)  and rare gas  compounds (3) have 
been made using MBssbauer Spectroscopy. 
such a s  i ron carbonyls,  ferrates ' ,  dipyridyl i r o n  complexes and SnF4 (polymer-like 
s t ructure)  ( 1 , 2 )  have a l so  been studied using this  new non-destructive method of 
analysis.  

Structural  data on many 'compounds 

- -  

Wertheim and co-workers  have co r re l a t ed  the i s o m e r  shift values  of Fe-57 
Their  diagram is shown in a s  a function of 3d and 4 s  electron charge density (2). 

Fig. 9 and i t  provides a useful aide in determining electron charge density f o r  com- 
pounds of interest .  

Since most of the original work in the field of MBssbauer Spectroscopy h a s  
been with i ron,  many potential applications of th i s  technique in the non-destructive 
testing of me ta l s  and alloys have a l r eady  been discussed (2,k). Mzssbauer  Spectro- 
scopy may be used in quality control or  for  the study of alloy s t ruc tu re  and i t s  re la -  
tion to  the magnetic hyperfine f ie lds  of the alloy. 
defects on me ta l s  or  gas  absorption on me ta l  su r f aces  (e.g. catalysts)  may  a l so  be 
studied using th i s  technique. 
tain minority ingredient can usually be detected i n  a host m a t r i x  (2). 

Cor ros ion  and ce r t a in  surface 

Mineral  a s s a y  methods a r e  being developed since c e r -  

Many of the above studies r equ i r e  thick samples  which prohibit t r ansmiss ion  
type experiments.  
both the sou rce  and detector be on the s a m e  s ide of the abso rbe r  (shielded from one 
another).  The re-emit ted radiation ( f rom the decaying resonantly excited absorber  
nucleus) i s  detected and instead of a d e c r e a s e  in  counting ra te  a t  resonance we ob- 
se rve  an inc rease  in  detection of the Mbssbauer  gamma ray ,  resul t ing i n  a MESS- 
bauer spectrum just  the inve r se  obtained in  a t r ansmiss ion  experiment.  

Therefore  a scat ter ing technique is used. This  r equ i r e s  that 

Investigation of i ron  compounds h a s  extended the use  of Mbssbauer  Spectro- 
scopy to the f ie ld  of biology. 
globin and some  of the i r  r e s u l t s  a r e  shown on Fig.  11. 
sult f r o m  different l igands bound t o  the cent ra l  i r o n  atom. 
of hemoglobin has  recent ly  been published by Lang, e t  al. 

Gonzer,  Grant  and Kregzde (10) have studied hemo- 
The different spec t r a  r e -  

A m o r e  extensive study 
Other work  h a s  been 

\ 

\done with heme and hemin compounds (12) ferrodoxin (11) and i ron  porphyrins  (5). 
Iodine is  another element that  h a s  recent ly  allowed Mbssbauer  Spectroscopy 

t o  be used in the biological field. 

I 

\ 

Cryogenic techniques ( to  provide a stiff ma t r ix )  have been developed that allow 
the experimenter  t o  study spec ie s  s table  or  m o r e  easi ly  available i n  solution. Some 
of these techniques and the general  application of MBssbauer Spectroscopy in Biology 
were  the subject of discussion a t  a 1965 symposium (9). 

The study of other Mbssbauer  e l emen t s  is  discussed extensively i n  recent 

This  MBssbauer Effect Data Index 
the p a r a m e t e r s  by nuclide. 

publications (18, 19.22). 
vestigations h a s  recently been published (E). ' h a s  the compilation of al l  the  data  obtained and lists 

A new index of a l l  publications concerning Mzssbauer  in- --- 
( 
1 

! 
' 

I 

Although many applications have been found using M6asbauer Spectroscopy. 

Spectra must be compiled and in s t rumen t s  compared to a s t anda rd  reference 
the field is jus t  blossoming. 
basis .  
point in  o r d e r  that  the values  obtained by different invest igators  b e  co r rec t ly  inter-  
preted.  

Most of the r e s u l t s  mus t  be in t e rp re t ed  on a n  empir ical  

' 
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It is interesting to  note that the National Bureau  of Standards in  the  United 

r Sta tes  now of fers  a s tandard  r e fe rence  c rys t a l  of sodium ni t ropruss ide  which gives 
a sha rp ly  defined quadrupole spli t  spec t ra .  
m m / s e c . )  provides an  a c c u r a t e  calibration of t he  inves t iga tors  velocity sca le .  
Dr .  J. J .  Spijkerman of the  NBS Labora tory  h a s  au thored  a recent  review a r t i c l e  
on Mdssbauer Spectroscopy which provides a compilation of publications f o r  1965, 
ca tegor ized  by element with comments  on the na tu re  of each  study, as  well as an 
excellent l i s t  of re ferences(22) .  
Greenwood in England (26). 

The d is tance  between the  peaks  (in 

Another excellent review was  recently published by - / 

It is  obvious f r o m  the expanding number  of publications that the Massbauer  
The fac t  that  M8ssbauPr 

I 

Effect is becoming a m o r e  effective analytical technique. 
Spectroscopy h a s  been accepted  as  a member  of the  spec t roscopy family is  a l so  
obvious f r o m  the  availability of commerc ia l  Msssbaue r  Effect Spec t rometers .  

I 
i Commerc ia l  and homemade Massbauer  Spec t romete r s  m a y  be divided into 

two bas ic  types,  mechanical (usually constant velocity) and e lec t ro-mechania l  
(usually constant acceleration).  
p rec is ion  la thes ,  c a m  dev ices ,  pulley a r r angemen t s  and piston type dr ives .  
of t hese  devices a r e  l imi t ed  to the  relatively low ve loc i t ies  (usually less than 2 cm/ 
sec . )  but may be  used t o  s tudy  most  i ron  and t i n  sys t ems .  A prec is ion  lathe type 
of M6ssbauer  Spec t rometer  tha t  is  commerc ia l ly  available (Fig.  12 )  moves  e i ther  
the  sou rce  o r  abso rbe r  at a given velocity (between 0.05 and 15 mm/sec . ) .  This  
i n s t rumen t  employs a synchronous  motor ,  and  a ba l l -d isc  in tegra tor  t r ansmiss ion '  
s y s t e m  t o  v a r y  the velocity. 
s tee l  l ead  screw which i n  t u r n  moves the sou rce  or a b s o r b e r  stage. When operat-  
ing a constant velocity s y s t e m ,  taking data f o r  one velocity a t  a t ime ,  one must  be 
v e r y  ca re fu l  that  the detection e lec t ronics  do not dr i f t  o r  the resu l tan t  spec t rum 
will be wor th less .  

The mechanical s y s t e m s  a r e  many and include 

1 
A l l  

, 

An O-ring coupling moves  the  prec is ion  machined 

An e lec t romechanica l  t r ansduce r  i s  the  type of ins t rument  used  f o r  a constant 
acce lera t ion  type of M8ssbaue r  Spec t rometer .  A voltage signal ( t r iangular ,  saw- 
tooth o r  sinesoidal)  i s  t r a n s f o r m e d  into a velocity in the  t r ansduce r .  Thus the  t r a n s -  
duce r  may sweep through a spec t rum of ve loc i t ies  ( f rom the  maximum in one direction4 
through z e r o  to  a maximum i n  the other d i rec t ions)  dur ing  each  cycle. A feedback 
s y s t e m  c o r r e c t s  f o r  any  deviation f rom the r e fe rence  voltage signal. 

/;' 

'' 

/ 
When operating at cons tan t  velocity the  da ta  is  accumulated in  one o r  two 

-4 multichannel ana lyze r  operating in  the  mul t i s ca l e r  mode is r equ i r ed  s c a l e r s .  
when operating at constant acce lera t ion .  
a given velocity. 
the MCA while i t  is advancing through i t s  channels. Synchronization is  most  f r e -  
quently established by slaving the Miissbauer spec t romete r  t o  the  MCA by deriving 
the r e fe rence  velocity signal f r o m  the a d d r e s s  r e g i s t e r  of the MCA. 

Each  channel will r ep resen t  a scaler for 
The re fo re  t h e  motion of the  t r ansduce r  must  be synthronized t o  

/ I  1' 
The National Bureau  of Standards s y s t e m  u s e s  the  analog signal f r o m  the f ,  

I 
a d d r e s s  r e g i s t e r  to d r ive  the t r a n s d u c e r ,  with a max imum velocity of 20 c m / s e c .  

c i ty  mode of operation is a l so  included in the  NBS sys t em.  
( commerc ia l  units a r e  ava i lab le  up to  60 c m / s e c . )  (F igs .  13A.B). A constant velo- 

The usual detection s y s t e m  used  with a Mgssbaue r  Spec t rometer  would in-  
clude a de tec tor ,  a high voltage supply pre-ampl i f ie r ,  a l i nea r  ampl i f ie r ,  single 
channel ana lyzer  s ca l e r  and t i m e r .  A multichannel ana lyze r  capable of operating 
in the  mul t i s ca l e r  mode should be  included i f  opera t ing  in the constant acce lera t ion  
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, 
1 
1 below 40 Kev. 
i 

mode. 
,drift problems in  the detection system. 
the gamma ray  of interest .  

This mode of operation i s  favored because i t  ave rages  a n y  smal l  e lectronic  
The type of detector  chosen'depends upon 

G a s  filled proport ional  counters  are general ly  used 

Velocity spec t ra  may be  obtained d i rec t ly  f r o m  the MCA by using an  X-y 
r eco rde r .  
i s  necessary  if  you wish to pe r fo rm a computer  analysis  of the data .  

Digital d.ata i s  obtained with a typewri ter  o r  paper  readout  system. This 

Cryogenic accesso r i e s  t o  cool both source  and absorber  during MBssbauer 
experiments  a r e  sometimes necessary .  Cooling is requi red  in o r d e r  t o  measu re  
the MBssbauer effect in sys t ems  containing cer ta in  nuclides (ones with low Debye 
tempera tures) .  
ent cryogenic liquids including helium. 
by the Joule-Thomson expansion of hydrogen gas .  
t empera ture  var ia t ion f r o m  160K to  70°K t o  bet ter  than *O. 5OK. 
sys t em one mus t  be ex t remely  careful  that the unit does not introduce any vibration 
to  the source o r  absorber  o r  resonance absorpt ion may be  destroyed.  

Many commerc ia l ly  available dewars  are designed to  contain differ- 
Another sys t em available provides  cooling 

Control of gas  p r e s s u r e  allows 
In any cryogenic 

Massbauer  sources  for  many nuclides a r e  a l s o  available commercial ly  and 
Some may be electroplated (Co-57 on copper,palladium 

Absorbers  a r e  eas i ly  
may vary  in composition. 
o r  platinum) o r  jus t  potted in  plast ic  (Sn-119m a s  BaSnOj). 
made by mounting the sample (foil or  powder) between two shee ts  of 5 mil mylar  
with the help of double backed tape. 
t e r  heat  conduction proper t ies .  

Cryogenic  mounts a r e  usually meta l l ic  for bet- 

Studies into the bonding of organo metal l ic  compounds (especial ly  organo-tin 
Interpretat ion of i somer  shift values  and a compounds) have been fa i r ly  numerous.  

compilation of different data  h a s  been summar ized  in  two pape r s  by  Herbe r  e t  a1 
(29.30). F ig .  14 shows how the Mzssbauer  p a r a m e t e r s  fo r  a number of t in  com- 
pounds may be  grouped. Various organo-tin compounds fal l  in the crosshatched 

i 
kt -- 

\I 

+ a reas .  

A recent  investigation into the bonding of i r o n  i n  coal using Mcssbauer  i\ 

'\\Spectroscopy w a s  done by Lefelhocz and Kohman of Carnegie-Mellon University 
and Fr iede l  of the Bureau of Mines in P i t t sburgh  (2). Various coal samples  were  
run to  study the organically bound i ron in  the coal. 
f i r m s  that the i ron  sulfide in coal consis ts  mainly of pyr i te  and indicates  that  non- 
pyri te  i ron is in  a high spin i ron  (11) s ta te  having octohedral  coordination. 

The i r  pre l iminary  work con- 

\ 
\ 

The MBssbauer spec t r a  obtained by Lefelhocz e t  al. could not be  compared  
Some spec t r a  with s imi l a r  d and Avalues  ' di rec t ly  to  any other repor ted  spec t ra .  

h a s  l ed  them to  believe that the i ron  may be bound to  heterocycl ic  nitrogen aromat ic  
groups in the coal m a c e r a l s  o r  possibly in a clay-like s i l icate  mine ra l  o r  gel. 

Another a r e a  of usefulness  for  Mbssbauer  Spectroscopy is the investigation 
of catalysts  and the i r  functions. 
NSEC has recent ly  been working with a number of companies  i n  th i s  a rea .  
r e su l t s  have shown different M8ssbauer  pa t te rns  fo r  new and used  ca ta lys t s  of i ron  
oxides a s  w e l l  as  complex i ron  compounds. 
m a y  somet imes  be p re sen t  in different ra t ios  for  the  new and used  catalysts .  
fully future  work  will include investigation of t hese  ca ta lys t s  i n  working sys t ems  t o  
s e e  what influence adsorpt ion (and perhaps  react ion)  m a y  have on the M8ssbauer  
Spe ct r urn. 

Very little h a s  been published on this  type of work. 
I 

Initial 

' Both magnet ic  and non-magnetic f o r m s  
Hope- 

. 
' 
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Some work has  been done on adsorpt ion studies using the M6ssbauer  effect. 
FIin5 2nd co-.??orkerc studied i r o n  o n  the siirface 0: A i  22'3 i32j. An anisotropy of 
t he rma l  vibration re la t ive  t o  the sur face  was  observed.  This  resu l ted  in unequal 
peaks in the quadrupole sp l i t  spec t rum.  The l a r g e  quadrupole spli t  a l so  indicated 
tha t  the i ron  was p re sen t  in a highly a s s y m e t r i c  e lec t r ica l  field. 
vibration was  g rea t e s t  along the axis of the  e lec t r ic  field gradient (normal  to the, s u r -  
face)  compared  to  that pa ra l l e l  to the .surface. 

The amplitude of 

Other adsorpt ion s tudies  have been made  by Sur ton ,  Goodwin and Frauen-  
fe lder  a t  the University of Illinois (33) and by Shpinel and co-workers  i n  Russia  (34) 
and o thers  ( 3 5 , 3 6 , 3 7 ) .  Compar isons  were  made  between a toms in the bulk of the- 
ma t r ix ,  in the surface of the  ma t r ix  and 2 the su r face  of the mat r ix .  
of the  resu l tan t  spec t ra  with t empera tu re  f o r  each type sample were  used to  ex- 
plain the sur face  dynamics of a n  atom. It is hoped tha t  M6ssbauer  Spectroscopy 
will prove m o r e  useful in t h e  study of the sur face  dynamics,  chemical  s ta tesand  
magnet ic  proper t ies  of adso rbed  pa r t i c l e s  (including v e r y  thin fi lms).  

--- 
Variations 

This  explanation of MEssbauer Spectroscopy, description of equipment avail- 
able,  and the examples  of the applications that have been given a r e  all too brief.  
Much new information concerning the e lements  we a r e  able to  study has  been ob- 
tained using th i s  ve ry  sens i t ive  analytical  technique. 
be obtained by no other method. I 

tained using NMR, ESR and x - r a y  diffraction and other analytical techniques. 
Therefore ,  we can look forward  to inc reased  r e fe rences  t o  data obtained f rom M b s s -  
bauer  spec t r a  and fur ther  ref inement  of MBssbauer Spectrossopy. 

Some of this information can 
Other information compliments  what h a s  been ob- 

. .  



Mosrbauer effect observed (32 Elements) Marsbauer effect predlcted (17 Elements) 

FIG. 1. Occurrence of the Morsbauer EfTect (26) 

, 

Fig. 3. Isomer shift. The effect of the electric mono. 
pole interaction Is to shift nuclear lwels without rp.. 
rating the magnetic rublwelr. The shifts are very 
small as compared to the total energy of the gamma 
ray, 10-12 ET. (7) 
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Fig. 4. Mossbauer spectra can contain 
more than one line, if energy levels are 
split by interaction that depends on nu. 
clear orientation. In this'case SnF, spec- 
t rum is doublet because Sn"e electric rno  
ment interacts with inhomogeneous field 
of surrounding F atoms.(') 

Fig. 5. Quadrupole splitting. The interaction of the nuclear quadrupole moment 
Q. with the gradient of the electric field, eq. i s  illustrated for nuclear ground: 
state spin Igd = 1/2 and for isomeric-state spin Its = 3/2; the diagrams are 
applicable to Fe". Snl1*. and TrnlW. among other isotopes. For the ground 
state. or any state with I = 1/2. Q is  inherently zero. An example of a pure 
quadrupole Mossbauer absorption spectrum is  shown. ( 1 )  
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FiB. 7.  Magnetic hyperfine splitting for I,,r = 1/2 
l is  = 3/2. As a result of the selection rule. a m  2 
0, t 1, only six of the possible eight lines are observed. 
The graph shows the Fe" hyperfine splitting of FnF,. 
v11ii.rh. corresponds to 8 field of 620,000 oersteds.(r) 

Fig. 9. A posaible interpretation of the Po" Mber- 
bauer ieomer rhifta in variour solidr. The tow r-el-- 
tron denrity b plotted M a function of the percentage 
of 48 character for varioum d-electron oonfigurations. 
The ? O M O M  for plrolng tho Uperlrnontrl drta on given 
theoretlcal ourva uo dIoouered k the t d .  The 008- 
rtmt C - 11 873 (13) 



318. 

[ieO,f- 
fe ?z=El 1.1 -120  -1.00 -060 - o a  -020 o oeo 100 

fez+ 

Fe3* 
Fe[**l 

m lbl 

/a/ 
c---( 

l--Ezza 

!??EFE! 
0.a 0.60 l O O l l O 1 6 0  2.002lO 300 340 

Fig. 10. (a) Values lor the isomeric abilu and (b) \. 'ocs lor the qusdrupolc 
splittinplol Mbssbauo l inp in lmou and ferric compounds. (1) 

Radiation source: 5'Co in plarinum at 25 'C. 
Abscissa: Velocity 01 the source relative to the absorber IVMl/SCCl 

Fe I*] - iron in complcrcr and metals. 
Fo [**I - iron in u)mpIcxu. 

Fie.11. Mossbauer absorption spectra with 
a source of Co" diffuscd into PC and kept 
at room temperature and absorbers of (01 
rat red cells at 4'K and isotopically en- 
riched with Pen. ( b )  crystalline rat OXY. 
hemoglobin at 77.K. (e) human COrhc- 
moglobin (in a COS atmosphere) at 
77°K. ( d )  human hernodobin (in a N, 
atmosphere) at 77°K. and (e) human 
CO-hemoglobin (in a CO atmosphere) at 
77'K. We have used the standard notation 
that aourcc approaching absorber is posi- 
tive velocity. (IO) 

Fig. 12. A Constant Velocity Kossbauer Effect Analyzer 

7 r-- II--- -1_-- 

---- - - 
_I 

Fig. 13. A Constant Acceleration Mossbauer Effect Spectrometer 
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Fig. 14. Correlation diagram of the quadrupole s b l i t t i n g  and chemical 
s h i f t  values for Tin Compounds a t  78'K (38) 
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